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ABSTRACT 
New herbicide-resistant soybean traits will increase the number of herbicides that can be 
applied in soybean and change the technology currently used to make herbicide applications in 
soybean. Palmer amaranth (Amaranthus palmeri) remains one of the most difficult weeds to 
manage in soybean and thus is the primary focus of this research. Therefore, experiments were 
conducted to investigate Palmer amaranth temporal emergence, control of common Arkansas 
weeds with new soybean herbicide programs, and the effect of application technology on 
dicamba-containing tank mixtures. Palmer amaranth emergence exceeded 400 plants m-2 for 
tillage treatments in 2013 and 2014, and tillage events typically increased emergence compared 
to no-tillage. The addition of isoxaflutole and mesotrione (HPPD-inhibitors) to soybean 
herbicide programs PRE improved control more than dicamba or 2,4-D (synthetic auxins) PRE. 
Herbicide programs that included HPPD-inhibitors EPOST improved control of Palmer amaranth 
more than programs with synthetic auxins. However, synthetic auxins applied LPOST controlled 
Palmer amaranth better than HPPD-inhibitors LPOST. Herbicide programs that included 
synthetic auxins or HPPD-inhibitors improved control of pitted morningglory but did not 
improve control of prickly sida and barnyardgrass compared to current standard herbicide 
programs. Applicator-controlled variables such as nozzle selection, spray volume, and 
groundspeed did not affect the efficacy of many dicamba-containing tank mixtures investigated. 
However, a tank mixture of the products Roundup PowerMax + Engenia produced an 
antagonistic effect on large barnyardgrass. Additionally, Palmer amaranth and barnyardgrass 
control was higher at 187 L ha-1 for Engenia + Roundup for the TTI nozzle than at 94 L ha-1. 
These results show that new technologies will improve control of some weeds in soybean, but 
the new technologies need to be applied using effective spray nozzles and spray volumes.  
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General Introduction 
Soybean is one of the most important agronomic crops to both the United States (U.S.) 
and global economy. Over half of the world oilseed production is from soybean (USDA-FAS 
2013) and is an important source of food, fuel, and fiber around the world. Every year in the U.S. 
about one in every five acres of field crops is planted to soybean and soybean production 
contributes an estimated $35 billion dollars to the U.S. economy annually (USDA-NASS 2015). 
Domestic and international demand for soybean continues to rise; however, U.S. production 
remains relatively constant. Increased demand for biodiesel coupled with an expanding export 
market in China challenges the ability of U.S. producers to meet this demand. Experts estimate 
that average yield for soybean will have to increase by 1422 kg ha-1 to 4085 kg ha-1 by 2020 to 
meet the growing demand (Wilson 2008). 
The current agricultural system relies heavily on herbicide-resistant (HR) crop varieties 
to maintain current production. The two most widely used commercially available HR soybean 
traits are glyphosate resistance and glufosinate resistance. In 2012, 93% of U.S. soybean acres 
were planted to HR varieties, the majority of them being resistant to glyphosate (USDA-FAS 
2013). Without HR crops, crop production would decline by approximately 20% even with the 
implementation of alternative weed control methods (Gianessi and Sankula 2003; Gianessi and 
Reigner 2007). 
The release of HR soybean varieties radically altered the agricultural landscape and how 
growers managed weeds. Producers were able to adopt a single pass postemergence (POST) 
weed control system, no longer requiring preemergence (PRE) herbicides and more complicated 
tank-mixtures for effective weed control. For many years, this single pass system was effective 
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and was not expected to result in glyphosate-resistant (GR) weeds because of the effectiveness 
and unique site of action of glyphosate (Bradshaw et al. 1997; Jasieniuk 1995). 
HR crop production accounts for billions of dollars in economic benefits and positively 
impacts the environment as well. Brookes and Barfoot (2012) estimate the total income benefit 
of HR soybean to farmers around the world since their release in 1996 at $ 28.3 billion. Similar 
studies have determined that in the U.S., HR soybean has reduced weed control costs by over $1 
billion annually (Gianessi 2005; Johnson et al. 2007). 
Even though the effectiveness of the glyphosate and alternative programs were 
considered equal, glyphosate-only programs are not sustainable and lead to the evolution of GR 
weeds. Incorporating more herbicide sites of action (SOA) in the form of PRE or POST tank 
mixtures with glyphosate will improve the longevity of glyphosate as an effective weed control 
tool. Applying glyphosate in combination with other SOA might increase the cost of 
management programs, but will still cost less than alternative options based upon the cost 
estimations presented in the respective reports. In order to continue realizing the benefits of HR 
soybean, the effectiveness of the herbicides associated with resistance traits must be preserved. 
The most troublesome method weeds utilize to survive in agricultural systems is through 
evolving resistance to herbicides. In 1957, the first case of herbicide resistance in a weed was 
documented in wild carrot (Daucus carota L.) to synthetic auxin herbicides (Switzer 1957). 
Presently, 217 weed species have been confirmed with resistance to at least one herbicide and 
more resistant species are documented every year (Heap 2015). 
In addition to resistance, weeds have shown adaptive mechanisms to avoid interventions. 
For example, weeds alter their emergence pattern by delaying emergence or extending 
emergence periodicity in order to avoid herbicide applications (Jha and Norsworthy 2009; Reddy 
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and Norsworthy 2010). Delayed emergence is particularly problematic with highly competitive 
weeds where the weed can emerge after the last POST treatment and still produce viable seeds to 
replenish the soil seedbank. Such cases have been documented in weeds such as Palmer 
amaranth (Jha and Norsworthy 2009) and barnyardgrass (Bagavathiannan et al. 2012) wherein 
preventing late-season seed production could still be significant for resistance management 
(Norsworthy et al. 2012; Reddy and Norsworthy 2010) 
Some examples of weed resistance mechanisms include reduced translocation (Koger and 
Reddy 2005; Riar et al. 2011), gene amplification (Gaines et al. 2011), and an altered target site 
(Burke et al. 2007). Characterizing the mechanism of herbicide resistance for a specific biotype 
is important for proper management and will hopefully lead to new innovative strategies for 
managing resistance (Powles and Yu 2010). Understanding resistance mechanisms has led to a 
better understanding of herbicide movement and translocation, interactions of the herbicide and 
target enzyme, HR gene flow, the significance of weak resistance, and the effects of intense 
selection pressure on weed populations (Shaner et al. 2012). 
In 2004, the first GR Palmer amaranth biotype was identified and characterized from 
Macon County, Georgia (Culpepper et al. 2006). Two years after the confirmation of GR Palmer 
amaranth in Georgia, a GR biotype was documented in Arkansas (Norsworthy et al. 2008). 
Currently, GR Palmer amaranth can be found in many states from California to Delaware (Heap 
2015). The resistance mechanism in the GR Palmer amaranth biotype from Georgia involves 
gene amplification (Gaines et al. 2011). In the resistant population, individuals expressed a 40- to 
100-fold increase in copy number for the EPSPS gene. The copy number of EPSPS was directly 
correlated with differential levels of glyphosate resistance. Gaines et al. (2011) hypothesized that 
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this resistance mechanism originates from a mobile genetic element, or transposon, as EPSPS 
gene copies can be identified across the entire genome. 
 Widespread occurrence of glyphosate resistant Palmer amaranth highlights the need for 
effective weed control programs for managing resistance. In the next five years, new soybean 
varieties containing a variety of stacked HR traits will become commercially available. 
Herbicides including 2,4-D, dicamba, isoxaflutole, and mesotrione will be available for PRE or 
POST applications in soybean, in addition to glufosinate and glyphosate. Understanding how 
well these new programs will be able to manage GR Palmer amaranth is critical. However, 
implementing these next-generation technologies is not without challenge. Managing off-target 
movement of synthetic auxins such as 2,4-D and dicamba is a pressing issue. Little is known 
about the effect of manipulating sprayer application variables, such as nozzle type, will be on the 
efficacy of these new POST applications. 
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Chapter 1 
Temporal Emergence Patterns of Amaranthus palmeri from a Natural Seedbank in 
Arkansas as Explained by Tillage, Soil Temperature, and Soil Moisture 
Abstract 
The biology and ecology of Palmer amaranth (Amaranthus palmeri) allow for this weed to 
persist in agronomic cropping systems and facilitate the rapid spread of herbicide resistance. To 
further understand the biology of Palmer amaranth, an experiment was conducted at the 
University of Arkansas Agricultural Experiment Station in Fayetteville, AR in 2013 and 2014 to 
characterize Palmer amaranth emergence from a Captina silt loam soil throughout the growing 
season as influenced by tillage, soil temperature, and soil moisture. The experiment was 
conducted in the absence of a crop, and the tillage treatments were: no-tillage, simulated preplant 
tillage, and preplant tillage followed by simulated inter-row cultivation. Data loggers connected 
to soil moisture and soil temperature probes were used to record the respective measurements at 
a 3 cm depth in each plot. In both years, Palmer amaranth exhibited an extended emergence 
pattern with 2 to 3 periods of peak emergence. High levels of emergence were positively 
correlated with soil temperatures near 24 C, dry soil conditions (~10% water v/v) with large 
temperature (28 C) and volumetric water content (20 %) changes for 7 days prior to an 
emergence event. Additionally, increasing emergence is also correlated with the period of 7 to 14 
days prior to emergence having cool (13 C) soil temperatures. The driest soil conditions (~10% 
v/v) typically occurred shortly after tillage events. The first and largest peak emergence period 
occurred in early May when soil temperatures increased rapidly for the first time in that year. 
Subsequent peak emergence events were not described by as drastic changes in temperature and 
moisture as the first peak, but were correlated with cooling soil temperatures and increase in 
	  8 
volumetric water content. Tillage was shown to increase the fluctuation in soil temperature and 
volumetric water content, as well decrease mean volumetric water content, which in turn helped 
stimulate emergence. Palmer amaranth exhibited an extended emergence pattern, with 
emergence events extending into October and November. The results from this experiment show 
that tillage can be used to stimulate emergence to help deplete the soil seedbank early in the 
season when implementation of weed control methods is more feasible. 
 
Nomenclature: Palmer amaranth, Amaranthus palmeri S. Wats 
Key words:  Temporal emergence; mergence pattern, herbicide-resistant weeds, ecology  
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Introduction 
Palmer amaranth (Amaranthus palmeri S. Wats) is characterized as a small-seeded, 
dioecious, erect, summer annual having lanceolate leaves, long terminal panicle, fibrous root 
system, and can exceed 2 m in height. Palmer amaranth has been documented as the most 
competitive of the pigweeds (Amaranthus spp.) in regards to amount of plant volume, dry weight, 
and leaf area produced per plant (Horak and Loughin 2000; Sellers et al. 2003). Palmer amaranth 
is also considered the most troublesome weed in Arkansas soybean production (Riar et al. 2013; 
Webster 2013). A single female Palmer amaranth can produce an estimated one million seeds 
under ideal conditions, although it may produce less in cropping situations (Keeley et al. 1987; 
Smith et al. 2011). The primary seed dispersal mechanism of pigweeds is seed rain, often limited 
to 3 to 3.5 m from the maternal parent (Verkaar et al. 1983). High fecundity presents many 
difficulties for proper weed management, specifically in regards to mitigating herbicide 
resistance evolution. 
A recent survey estimates glyphosate-resistant Palmer amaranth can be identified on 60% 
of the soybean (Glycine max L.)acres in Arkansas and has cost Midsouth soybean producers 
millions of dollars in financial loss (Riar et al. 2013). Within four weeks of emergence with the 
crop, Palmer amaranth can outgrow soybean by 20 cm and at densities of 10 plants m-2 cause 
yield losses exceeding 60% (Bensch et al. 2003; Klingaman and Oliver 1994). As the growth of 
Palmer amaranth is rapid and extremely competitive, characterizing the emergence pattern and 
identifying factors that influence emergence will help identify and potentially predict peak 
emergence periods. By doing so, implementation of various weed control methods can be timed 
appropriately to maximize their effectiveness. 
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Jha and Norsworthy (2009) characterized emergence from a natural seedbank in South 
Carolina with and without soybean. Palmer amaranth exhibited an extended emergence pattern, 
with a few peak emergence periods with the amount of emergence during the peak emergence 
periods being affected by tillage treatments and the presence of a soybean canopy. Jha and 
Norsworthy (2009) also demonstrated that the high fecundity of Palmer amaranth can result in 
emergence of over 1,000 plants m-2 in a year in addition to an extended emergence pattern 
beginning in May and ending in September or October. The objectives of this study were to 1) 
characterize the emergence pattern of a natural seedbank in Arkansas, 2) determine if simulated 
preplant tillage and inter-row cultivation affects emergence, and 3) develop a regression model to 
identify how soil temperature and soil moisture influence emergence. The hypothses for this 
experiment were: tillage events will stimulate emergence and deplete the soil seedbank, peak 
emergence periods would correlate with warm and wet soil conditions. 
 
Materials and Methods 
A field experiment was conducted in 2013 and 2014 at the University of Arkansas Experimental 
Research Station in Fayetteville, Arkansas to monitor Palmer amaranth emergence throughout 
the growing season. Fields with a prior history of Palmer amaranth infestations were selected. 
Plots were established on a Captina silt loam (fine-silty, siliceous, active, mesic Typic 
Fragiudults) with 1.8% organic matter, pH of 5.8, 22% sand, 64% silt, and 14% clay. Soil texture, 
pH, and organic matter information were obtained by analyzing soil samples collected from the 
experimental area to a depth of 10 cm. Soil analysis was conducted at the University of Arkansas 
Agricultrual Diagnositc Laboratory in Fayetteville, AR. This experiment was organized as a 
randomized complete block design consisting of three tillage treatments and four replications. 
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Plots were 2 m long by 2 m wide, and the center 1 m2 of each plot was used as the sampling area 
for Palmer amaranth emergence.  
Soil cores were collected adjacent to each sampling area in late March, prior to any 
emergence occurring in the field, to determine seedbank density in the upper 7.6 cm of each plot. 
Two soil seedbank samples were collected adjacent to each plot to a depth of 7.6 cm using a 
slide hammer and core chamber with a diameter of 7.3 cm. The soil seedbank population in the 
field was estimated by using a grow-out method modified from Wilson et al. (2010). Standard 
greenhouse flats (F1020 Tray, T.O. Plastics, Inc. Clearwater, MN) were filled with commercial 
potting mix and the soil cores were loosely mixed into the upper half of the potting soil. Trays 
were kept moist and emergence was counted every 3 days for 30 days. After the first 30 days, 
soil was allowed to completely dry (i.e. received no water for 7 days), the soil was mixed, and 
the counting process repeated. Following the second 30 days, trays were placed in a freezer at -5 
C for 7 days, allowed to thaw, and the counting process was repeated for another 30 days in the 
greenhouse. Counts from each of the three stages were combined to give an estimate of the soil 
seedbank size in the field. 
At trial initiation, a burndown herbicide application of glyphosate was made to remove 
all existing plant material. From mid-March (initiation of emergence) through November (end of 
emergence), emerged pigweed seedlings were counted and removed from the sampling area once 
weekly. The tillage treatments were as follows: no-tillage, preplant tillage (simulated a typical 
timing of preplant tillage prior to soybean planting), and preplant tillage followed by cultivation 
one month later (simulated an inter-row cultivation event). Tillage was performed at both timings 
using a Stihl MM 55 handheld rotary cultivator  (Stihl Inc. Virginia Bach, VA) to a depth of 8 
cm. The first tillage event occurred on May 1 in 2013 and 2014 and the second tillage event 
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occurred on June 4, 2013 and May 30, 2014. Sampling areas were kept weed free by hand 
removal and blanket applications of a nonresidual POST herbicide (e.g. glyphosate, glufosinate, 
paraquat, etc.) following weed counts, when necessary. Soil temperature and soil moisture were 
measured at a 3-cm depth using soil temperature (S-TMB-M006 Temperature Smart Sensor, 
Onset Computer Corporation, Bourne, MA) and soil moisture sensors (S-SMC-M005 Soil 
Moisture Smart Sensor, Onset Computer Corporation, Bourne, MA). Sensor readings were 
recorded using data loggers (H21-002 HOBO Micro Stations, Onset Computer Corporation, 
Bourne, MA). The data logger stored the average sensor measurement during 10-minute logging 
intervals, with sensors taking readings every minute. Thus, each stored measurement was an 
average of 10 readings collected during the logging interval. To obtain soil environmental 
parameters that correlated with weekly emergence counts, a mean of all stored measurements 
during that week was calculated and the range was obtained by finding the difference between 
the maximum and minimum stored measurements during that week. Peak emergence periods 
were identified using a method implemented by Norsworthy and Oliveira (2007) and Jha and 
Norsworthy (2009) in which the cumulative emergence was divided by the number of weeks in 
the study to obtain an average weekly emergence. A peak emergence event was identified when 
weekly emergence counts exceeded the average weekly emergence plus the standard deviation of 
the average weekly emergence. 
All data were subject to regression analysis in JMP 11 Pro (SAS Institute Inc., Cary, NC). 
Weekly emergence counts added to the total past emergence in each plot to give a cumulative 
emergence total for each week. The normality of the cumulative emergence data was improved 
using a natural log transformation (ln(CE)=ln[cumulative emergence +1]). Log-transformed 
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emergence counts were subject to a regression analysis using the NONLINEAR procedure in 
JMP 11 Pro. A three-parameter logistic model was selected to fit the data (Equation 1) 
 ln 𝐶𝐸 = !!!!!!(!""#!!)                         (Equation 1) 
 
where “Week” is the number of weeks after trial initiation “a” is the growth rate, “b” is the 
inflection point, and “c” is the asymptote. A regression curve for each of the three treatments was 
fit using JMP 11 Pro and years were analyzed separately. An analysis of means was used to 
compare the parameter estimates for the logistic regression models. 
Environmental parameters that were highly correlated with Palmer amaranth emergence 
were identified using regression analysis. The raw weekly emergence data contained many zero 
values, indicating a week during which emergence did not occur. A two-part modeling approach 
was used to account for the zero-inflated raw emergence data (Martin et al. 2005; Smith and 
Barney 2014). In the first part, the probability of an emergence event was modeled using binary 
logistic regression using Fit Logistic procedure in JMP 11 Pro where a week in which emergence 
occurred in a plot is a success and a week in which there was no emergence is a failure. In the 
second part, non-zero data were fit with a repeated measures model using the Fit Mixed 
procedure in JMP 11 Pro to describe the number of individuals emerging during an emergence 
event. Data from both years were pooled for both parts, and emergence values were natural log-
transformed to improve normality for the repeated measures analysis. A first order 
autoregressive (AR[1]) covariance structure was assumed because observations closer in time are 
expected to have a higher correlation than treatments further apart in time. The measured 
environmental parameters included: mean soil temperature (MeanT), soil temperature range 
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(RangeT), mean volumetric water content (MeanW), and volumetric water content range 
(RangeW) for one week (1WK) and two weeks (2WK) prior to an emergence event. Only first 
and second order terms were included in the full model, and interaction terms were not included 
because they are not useful for interpretation of the emergence data. The full models for both the 
binary logistic regression and repeated measures regression were reduced in a stepwise fashion 
to include only significant parameters (α=0.05). Equation 2 is the reduced binary logistic 
regression model predicting the likelihood of an emergence event as a function of the significant 
environmental parameters. 
 logit(emergence  event) =   𝛽! +   𝛽! 1𝑊𝐾  𝑀𝑒𝑎𝑛𝑇 −     𝛽! 1𝑊𝐾  𝑀𝑒𝑎𝑛𝑇 ! +    𝛽! 1𝑊𝐾  𝑀𝑒𝑎𝑛𝑊 −   𝛽! 2𝑊𝐾  𝑀𝑒𝑎𝑛𝑇 + 𝛽! 2𝑊𝐾  𝑀𝑒𝑎𝑛𝑇 !        (Equation 2) 
 
Equation 3 is the reduced regression model describing the number of individuals present during 
an emergence event as a function of the significant environmental parameters. 
 ln(Emergence) =   𝛽! +   𝛽! 1𝑊𝐾  𝑀𝑒𝑎𝑛𝑇 −   𝛽! 1𝑊𝐾  𝑀𝑒𝑎𝑛𝑇 ! +   𝛽! 1𝑊𝐾  𝑅𝑎𝑛𝑔𝑒𝑇 −  𝛽! 1𝑊𝐾  𝑀𝑒𝑎𝑛𝑊 +   𝛽! 1𝑊𝐾  𝑀𝑒𝑎𝑛𝑊 ! +   𝛽! ln  (1𝑊𝐾  𝑅𝑎𝑛𝑔𝑒𝑊 − 𝛽! 2𝑊𝐾  𝑀𝑒𝑎𝑛𝑇 +𝛽! 2𝑊𝐾  𝑀𝑒𝑎𝑛𝑇 !        (Equation 3) 
 
 To determine the effect of tillage on the soil environment, separate repeated measures 
analyses using the Mixed procedure in JMP 11 Pro were conducted for each environmental 
parameter as a response variable. The model was fit using an AR(1) correlation structure. For 
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soil environmental parameters that had a significant tillage treatment effect, means for each 
tillage treatment within a given week were separated Fisher’s protected LSD (α=0.05). 
 
Results and Discussion 
Effect of Soil Conditions on Emergence. Utilizing the reduced regression models for both the 
likelihood of an emergence event (Equation 2) and the quantity of emergence (Equation 3), the 
explanatory variables can be manipulated to produce the maximum predicted response. An 
emergence event is most likely when mean soil temperature is 30 C, mean water content is 28% 
v/v seven days prior to an emergence event, with the 7 to 14 day period prior to emergence 
having an mean soil temperature of 13 C. According to the model, the likelihood of an 
emergence event is maximized when the soil warm and wet seven days leading up to an 
emergence the week prior being cool.  
Based on Equation 3, ln(emergence) will be maximized when the 7 days leading up to an 
emergence event has a mean soil temperature of 24 C, high soil temperature range (~28 C), low 
mean volumetric water content (~10% v/v) and large volumetric water content range (~20% v/v), 
with the period of 7 to 14 days prior to an emergence event having an average soil temperature of 
13 C. Thus when an emergence event occurs, the number of individuals that emerge will be 
maximized when the soil is on average warm and has experienced a large temperature and 
volumetric water content change during the week, with the week before being cool. The very low 
(~10% v/v) soil moisture typically occurred shortly after tillage events. Comparing Equation 3 
and Equation 4, both an emergence event and high levels of emergence are correlated with warm 
soil temperatures and high levels of moisture the week leading up to emergence, with the week 
before being cool. Equation 3 takes into account range in soil temperature and moisture, 
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indicating that these parameters are more important for describing how much emergence will 
occur.  
Effect of Tillage on Emergence. The cumulative emergence of Palmer amaranth differed 
slightly between treatments and years (Figure 1). In 2013, tillage delayed emergence slightly, as 
shown by the smaller inflection point estimate (Table 1). Thus, germination was already 
occurring when tillage took place in 2013 and the preplant tillage event likely controlled seeds 
that were germinating. In 2014, there was no difference in inflection point estimates. In both 
years, the asymptote for the no-tillage treatment was smaller than the asymptotes for the other 
tillage treatments, indicating that tillage events increase the number of individuals that emerge 
throughout a season (Table 1). When the final cumulative emergence values are compared (Table 
2), the tillage followed by tillage treatment was greater than both the no-tillage and preplant 
tillage treatment. However, the cumulative emergence in the tillage treatments was always 
greater than in the no-tillage treatment.   
In both 2013 and 2014, a peak emergence period occurred after the second tillage event 
for the tillage followed by (fb) tillage treatment that did not occur in the other two treatments 
(Figure 2). Also, a peak emergence period was identified in the no-tillage treatments (early-
August in 2013 and late-July in 2014) that did not occur in the tillage treatments. This both 
supports the hypothesis that tillage stimulates emergence of Palmer amaranth and also shows that 
tillage is likely stimulating the germination of seeds that would otherwise emerge in July or 
August. Thus, shallow tillage can be used as a tool to deplete the soil seedbank by increasing the 
emergence early in the season when implementation of weed control strategies is more amenable. 
However, in a cropping system, the later peak emergence period may be delayed or eliminated as 
shading from crop canopies inhibit emergence (Jha and Norsworthy 2009). In crops such as corn 
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(Zea mays L.) where harvest typically occurs in August, the crop canopy may simply delay 
emergence until after harvest. A peak emergence event in August or September would result in a 
large number of individuals that could produce seed and replenish the soil seedbank. 
 Based on the greenhouse grow-out, a larger percentage of the soil seedbank emerged in 
2013 compared to 2014 (Table 3). The average number of viable Palmer amaranth seeds in the 
upper 7.6 cm of soil on a land area basis was 6,092 seeds m-2 in 2013 and 19,558 m-2 in 2014. 
The large difference between seedbanks in 2013 and 2014 could be due to differences in Palmer 
amaranth seed production in each field the year before, or slight differences in management. The 
field for 2013 was tilled frequently and planted to soybean the year before, whereas the 2014 
field was left fallow for the entire year prior to the study. Thus, it is likely a larger number of 
seeds were at or near the soil surface at the 2014 location compared to the 2013 location. Even so, 
the emergence values for both years only ranged from 408 to 1,397 plants m-2, potentially 
indicating that in a given year, differences in seedbank size do not have a large effect on 
cumulative emergence in areas with large populations.   
Effect of Tillage on Soil Conditions.  Tillage events had a noticeable effect on the soil 
temperature and soil moisture in both years; however, that effect was generally short lived and 
did not persist throughout the growing season (Tables 4 and 5). In both 2013 and 2014, mean 
temperature was not affected by tillage. Tillage has shown to have a more dramatic impact on 
soil temperature and soil moisture when measured deeper (5-10 cm) in the soil profile (Blevins 
and Frye 1993; Leon and Owen 2006), with no-tillage treatments being cooler and retaining 
more soil moisture than areas that were tilled. Jha and Norsworthy (2009) showed that at shallow 
depths (2.5 cm), soil temperature was not different between tilled and no-tillage plots, likely due 
to how rapidly heat and moisture is exchanged at the soil surface. In this study, mean soil 
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temperature was not affected by tillage, but soil temperature range, mean water content, and 
water content range differed between treatments at various time points throughout the study 
(Tables 4 and 5). If differences did occur, tillage treatments were warmer, experienced a wider 
fluctuation in soil temperature and moisture, and had less average moisture than no-tillage 
treatments (Figures 4, 5, and 6), with the differences typically showing up within 3 to 4 weeks of 
a tillage event. No differences were observed for any parameter after the week ending July 14 in 
2013 and the week ending July 17 in 2014. 
Practical Implications. This research reinforces the hypothesis that tillage events stimulate 
germination by affecting the soil microclimate in which the seeds germinate. Tillage caused 
more diurnal fluctuations in soil temperature (Tables 4 and 5, Fig 4) and soil moisture (Tables 4 
and 5, Fig 6), and the regression models developed for these experiments showed that emergence 
events and total emergence are highly correlated with those two variables. However, it should be 
noted that germination from a natural seedbank involves many other physical and biological 
factors not measured in this study. In-season tillage or inter-row cultivation will likely induce 
another cause peak emergence event, or at least increase the number of individuals that emerge 
after that event. More importantly, tillage stimulates emergence early and reduces emergence 
later in the season (July). Utilizing tillage to stimulate emergence will allow for more individuals 
to be controlled with a herbicide application containing multiple effective sites of action 
occurring after the tillage event. In no-till treatments, a late-season peak emergence event 
occurred in late-July or early-August. Although soybean canopy closure has been shown to 
reduce emergence of Palmer amaranth (Jha and Norsworthy 2009), utilizing tillage to deplete the 
soil seedbank early in the growing season followed by a herbicide application will decrease the 
likelihood of late-season escapes. 
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These data also show that Palmer amaranth has an extended emergence pattern, with low 
levels of emergence occurring into October and November. This extended emergence pattern 
demonstrates the need for controlling plants that have emerged after the harvest of Midsouth 
crops that typically begin harvest in August [e.g. corn, rice (Oryza sativa L.), grain sorghum 
(Sorghum bicolor L.)]. Late-emerging Palmer amaranth still has the ability to reproduce and 
replenish the soil seedbank (Bagavathiannan et al. 2015). Managing Palmer amaranth 
continuously for most of a year (May-October) is a challenge for growers, but is necessary for 
depleting the soil seedbank and managing herbicide resistance. 	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Table 1. Logistic regression of Palmer amaranth cumulative emergence over time as affected by 
tillage treatments. 
 Parameter estimate a 
 2013  2014 
Treatment Growth 
rate 
Inflection 
point 
Asymptote  Growth 
rate 
Inflection 
point 
Asymptote 
No-tillage 1.3* 5.4* 6.7*  6.8 4.8 5.7* 
Tillage 2.8* 5.7* 7.1*  4.8 4.5 6.1* 
Tillage fbb 
tillage 
1.9* 5.7* 7.0*  4.2 4.6 6.8* 
Mean 1.6* 5.6* 6.9*  4.4 4.6 6.2* 
a Parameter estimates followed by a “*” are significantly different from the mean (α=0.05) 
according to an analysis of means 
b Abbreviation: fb, followed by 
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Table 2. Total Palmer amaranth emergence in 2013 and 2014 as affected by tillage treatment. 
 Total emergence a,b  
Treatment 2013 2014 
 Plants m-2 SE Plants m-2 
No-tillage 1047 228 408 a 
Tillage 1397 279 517 a 
Tillage fbc tillage 1194 182 1051 b 
a Means followed by the same letter within a column are not statistically different according to 
Fisher’s protected LSD (α = 0.05) 
b Where a significant F-test was not observed, means are followed by the standard error (SE) of 
the mean 
c Abbreviation: fb, followed by 
	   
Table 3. Quantification of Palmer amaranth present in the soil seedbank and mean emergence observed in the field as affected by 
tillage treatment. 
 2013  2014  
Treatment Soil Seedbank 
Field emergence  Soil 
Seedbank 
Field emergence 
 -------Plants m-2------- %total  -------Plants m-2------- %total 
No-tillage 
6092 
1047 17  
19558 
408 2 
Tillage 1397 23  517 3 
Tillage fba tillage 1194 20  1051 5 
a Abbreviation: fb; followed by 
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  Table 4. Significant differences in weekly mean soil temperature, soil temperature range, mean soil volumetric water content (VWC), 
and soil VWC range as affected by tillage treatment in 2013.a,b 
  
Week ending 
Parameter Treatment 
Apr 
29 
May 
6 
May 
13 
May 
19 
May 
27 
Jun 
4 
Jun 
10 
Jun 
18 
Jun 
24 
Jul 
30 
Jul 
7 
Jul 
14 
Mean 
temperature 
No-tillage 
Not significant c Tillage 
Tillage fb tillage 
              
Temperature 
range 
No-tillage a a a a a a a a a a a a 
Tillage a b a b a a a a b b a a 
Tillage fb tillage a b a b a a b a b c a b 
              
Mean VWC No-tillage a a a a a a a a a a a a 
Tillage a a b b a a a a a a a a 
Tillage fb tillage a a b b a b b b a a a a 
              
VWC range No-tillage a a a a a a a a a a a a 
Tillage a a b a a a a a a a a a 
Tillage fb tillage a a b a a a a b a a a a 
a Abbreviation: fb; followed by 
b For a given environmental parameter, treatments followed by the same letter are not significantly different within a column 
according to a Fisher’s protected LSD (α=0.05) 
c F-test for tillage effect was not significant (α>0.05) 
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  Table 5. Significant differences in weekly mean soil temperature, soil temperature range, mean soil volumetric water content (VWC), 
and soil VWC range as affected by tillage treatment in 2014.a,b 	  	   	  	   Week ending 
Parameter Treatment May 1 
May 
8 
May 
15 
May 
22 
May 
30 
Jun 
5 
Jun 
12 
Jun 
18 
Jun 
25 
Jul 
3 
Jul 
9 
Jul 
17 
Mean 
temperature 
No-tillage 
Not significant c Tillage 
Tillage fb 
tillage 	  	   	  	   	   	   	   	   	   	   	   	   	   	   	   	  
Temperature 
range 
No-tillage a a a a a a a a a a a a 
Tillage a b a a a ab a a a a a a 
Tillage fb 
tillage a b a a a b a b a a a a 	  	   	  	   	   	   	   	   	   	   	   	   	   	   	   	  
Mean VWC 
No-tillage a a a a a a a a a a a a 
Tillage a b a a a a a a a a a a 
Tillage fb 
tillage a b a a a a a a a a a a 	  	   	   	   	   	   	   	   	   	   	   	   	   	  
VWC range 
No-tillage a a a a a a a a a a a a 
Tillage a b b a a b a b a a a a 
Tillage fb 
tillage a b b a a b b b a a a a 
 a Abbreviation: fb; followed by 
b For a given environmental parameter, treatments followed by the same letter are not significantly different within a column 
according to a Fisher’s protected LSD (α=0.05) 
c F-test for tillage effect was not significant (α>0.05)
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Figure 1. Logistic growth curve of cumulative emergence in 2013 and 2014 as affected by tillage 
treatment in 2013 and 2014. The dashed line (- - -) represents the no-till treatment, the dotted line 
() represents the preplant tillage treatment and the solid line (—) represents the preplant 
tillage followed by the inter-row tillage treatment.  
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Figure 2. Weekly emergence of Palmer amaranth in the no-tillage, preplant tillage (tillage) and 
preplant tillage followed by (fb) inter-row cultivation (Tillage fb tillage). The solid line (—) 
represents the weekly mean emergence for a treatment (y) and the dashed line (- - -) represents 
the mean plus the standard deviation (σ) of the mean weekly emergence. 
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Figure 3. Weekly mean soil temperature as affected by tillage treatment in 2013 and 2014. The 
dashed line (- - -) represents the no-till treatment, the dotted line () represents the preplant 
tillage treatment and the solid line (—) represents the preplant tillage followed by the inter-row 
tillage treatment. 
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Figure 4. Weekly soil temperature range as affected by tillage treatment in 2013 and 2014. The 
dashed line (- - -) represents the no-till treatment, the dotted line () represents the preplant 
tillage treatment and the solid line (—) represents the preplant tillage followed by the inter-row 
tillage treatment. 
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Figure 5. Weekly mean soil volumetric water content (VWC) as affected by tillage treatment in 
2013 and 2014. The dashed line (- - -) represents the no-till treatment, the dotted line () 
represents the preplant tillage treatment and the solid line (—) represents the preplant tillage 
followed by the inter-row tillage treatment. 
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Figure 6. Weekly soil volumetric water content (VWC) range as affected by tillage treatment in 
2013 and 2014. The dashed line (- - -) represents the no-till treatment, the dotted line () 
represents the preplant tillage treatment and the solid line (—) represents the preplant tillage 
followed by the inter-row tillage treatment.  
Year
2013 2014
R
an
ge
 V
W
C
 (v
/v
)
0.00
0.05
0.10
0.15
0.20
0.25
4 8 12 16 20 24 4 8 12 16 20 24
Week
May Jul Sep Nov May Jul Sep Nov 
Month 
	   	   33	  
Chapter 2 
Comparison of Preemergence Programs Utilizing HPPD-inhibiting and Auxinic Herbicides 
for Management of Palmer Amaranth and Waterhemp in Soybean  
Abstract 
Palmer amaranth and waterhemp have become increasingly troublesome weeds throughout the 
United States. Both species are highly adaptable and emerge continuously throughout the 
summer months presenting the need for residual PRE application in soybean with high longevity. 
To improve season-long control of Amaranthus spp., 19 current and future PRE treatments were 
evaluated on glyphosate-resistant Palmer amaranth in 2013 and 2014 at locations in Arkansas, 
Indiana, Nebraska, Illinois, and Tennessee. This experiment was also conducted on glyphosate-
resistant waterhemp at locations in Illinois, Missouri, and Nebraska in both years. The 
dissipation of weed control throughout the course of the experiments was compared among 
treatments using regression analysis. At the mean WAT (4.3 and 3.2 WAT for Palmer amaranth 
and waterhemp, respectively), isoxaflutole + S-metolachlor + metribuzin had the highest 
predicted control of Palmer amaranth (98%) and waterhemp (99%).  Isoxaflutole + S-
metolachlor + metribuzin, S-metolachlor + mesotrione, and flumioxazin + pyroxasulfone had a 
predicted control ≥ 97% and similar model parameter estimates, indicating control declined at 
similar rates for these treatments. Dicamba and 2,4-D provided some, short-lived residual control 
of Amaranthus spp. When dicamba was added to metribuzin or S-metolachlor, control increased 
over use of that product alone. Comparing flumioxazin + pyroxasulfone to programs containing 
isoxaflutole or mesotrione shows that programs with new technologies do not necessarily 
improve control over currently labeled programs. However, these new technologies will provide 
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soybean growers additional sites of action to apply PRE and can improve the efficacy and 
longevity of the PRE applications over some current standards. 
 
Nomenclature: 2,4-D; dicamba; isoxaflutole; metribuzin; S-metolachlor; Palmer amaranth, 
Amaranthus palmeri S. Wats; waterhemp Amaranthus tuberculatus (Moq.) Sauer; soybean, 
Glycine max (L.) Merr. 
Key words: Weed control, new technologies, residual herbicides, synthetic auxins, HPPD-
inhibitors 
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Introduction 
Residual herbicides are the cornerstone of a diversified herbicide program that utilizes 
multiple effective sites of action to manage herbicide-resistant weeds (Norsworthy et al. 2012).  
As herbicide-resistant weeds become more widespread throughout the United States, growers are 
increasing their usage of PRE herbicides as an effective means for managing resistance (Prince et. 
al 2012). Despite innovative management strategies, Amaranthus spp. (pigweeds) such as Palmer 
amaranth and waterhemp persist in agricultural systems and continue to evolve resistance to 
herbicides (Heap 2015). Pigweeds emerge continuously throughout the growing season (Jha and 
Norsworthy 2009) and acclimate to shaded conditions (Jha et al. 2009), presenting even greater 
challenges for season-long control. Even when emergence occurs later in the season, pigweeds 
can rapidly acquire biomass sufficient to compete with a crop and eventually produce seed 
(Keeley et al 1987; Sellers et al. 2003, Horak and Loughin 2000). Therefore, highly effective 
PRE applications that are stable across soil textures and environmental conditions are needed to 
manage herbicide-resistant pigweeds for the entire growing season.  
New herbicide-resistant soybean traits will begin to emerge in the near future on the 
commercial market that will allow more PRE and POST herbicides to be applied in soybean than 
ever before. These new varieties will be resistant to various combinations of glyphosate, 
glufosinate, dicamba, 2,4-D, isoxaflutole, and mesotrione. No one cultivar will have tolerance to 
all of the aforementioned herbicides; however, the new cultivars will allow for PRE applications 
of auxinic herbicides (e.g. 2,4-D and dicamba) and 4-hydroxyphenylpyruvate dioxygenase-
(HPPD) inhibitors (e.g. isoxaflutole and mesotrione). Dicamba and 2,4-D are synthetic auxin 
herbicides used to control emerged weeds prior to planting in the case of most dicot crops or 
over-the-top control in many monocot crops. However, it is known that both 2,4-D and dicamba 
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have soil activity although weed control is selective, rapid, and relatively short-lived (Thompson 
et al. 2007; Anonymous 2010). If used in combination with other residual herbicides that require 
more time or rainfall to activate, auxinic herbicides may be a useful addition to PRE applications. 
Mesotrione and isoxaflutole have been shown to be effective on Amaranthus spp. when applied 
PRE (Sutton et al. 2002; Johnson et al. 2012).  The use of these active ingredients will increase 
the number of sites of action labeled for use in transgenic soybean. Hence, the objective of this 
research was to evaluate, compare, and determine the relative length of residual control on 
Palmer amaranth and waterhemp provided by currently available and future PRE herbicide 
programs in six states located in the Midwest and the Midsouth. The hypothesis of this 
experiment was PRE herbicide programs that incorporate new technologies will provide longer 
residual control of Amaranthus spp. than currently labeled PRE programs. 
 
Materials and Methods 
The effectiveness of various future herbicide programs were evaluated on naturally 
occurring glyphosate-resistant Palmer amaranth in 2013 and 2014 at locations in Arkansas, 
Indiana, Nebraska, Illinois, and Tennessee. These same programs were also evaluated on 
naturally occurring glyphosate-resistant waterhemp at locations in Illinois, Missouri, and 
Nebraska. Palmer amaranth field experiments were conducted in 2013 and 2014 at the following 
locations: Northeast Research and Extension Center in Keiser, Arkansas (silty clay, 
Endoaquerts); a grower field near Twelve Mile, Indiana (loamy fine sand, Udipsamments), 
University of Nebraska Lincoln Havelock Farm, Lincoln, Nebraska (silty clay, Endoaquolls); a 
grower field near Collinsville, Illinois (silt loam, Hapludolls); and West Tennessee Research and 
Education Center, Jackson, Tennessee (silt loam,	  Hapludalfs). Waterhemp experiments were 
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conducted in 2013 and 2013 at: a grower field near De Soto, Illinois (silt loam, Albaqualfs), a 
grower field near Moberly, Missouri (silt loam, Albaqualfs); and a grower field near Fremont, 
Nebraska (silty clay, Endoaquerts). None of the locations were irrigated at any point during the 
experiment. Rainfall data are summarized in Table 1 for the Palmer amaranth locations and in 
Table 2 for waterhemp locations. Rainfall data for each location were obtained from nearby 
National Oceanic and Atmospheric Administration (NOAA) weather stations (NOAA 2015). 
Nineteen PRE herbicide treatments plus one nontreated control were evaluated. These 
treatments were based on those likely to be recommended by the companies that will market the 
new herbicide traits. The herbicides used in the treatments included flumioxazin (70 g ai ha-1), 
pyroxasulfone (89 or 178 g ai ha-1), S-metolachlor (1068 to 1872 g ai ha-1), metribuzin (420 or 
630 g ai ha-1), isoxaflutole (105 g ai ha-1), dicamba (560 or 1120 g ae ha-1), 2,4-D (532 or 1064 g 
ae ha-1), and mesotrione (185 g ai ha-1) (Table 3).  The rate of S-metolachlor was 1068 g ha-1 
unless it was part of a premix with mesotrione  (S-metolachlor at 1872 g ha-1). Similarly, the rate 
of pyroxasulfone was 178 g ha-1 unless it was part of a premix with flumioxazin (pyroxasulfone 
at 89 g ha-1).  The rate of metribuzin was adjusted for the soil texture and soil organic matter 
(OM) present at a given location according to labeled recommendations. Metribuzin was applied 
at 420 g ai ha-1 on lower soil OM (<4%) sites including Havelock, NE; Fremont, NE; and 
Twelve Mile, IN and at 630 g ai ha-1 on fine textured (silty clay), medium textured (silt loam) or 
higher soil OM sites including Keiser, AR; Collinsville, IL; De Soto, IL; Moberly, MO, and 
Jackson, TN. 
Weed control ratings were recorded periodically from 1 to 8 weeks after treatment 
(WAT) for Palmer amaranth and 1 to 5 WAT for waterhemp. The number of weekly ratings 
varied depending on the location and year. Ratings were based on a scale of 0 to 100% control, 
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relative to the nontreated control, with 0% being no control and 100% being complete death of 
the respective species. Weed densities (plants m-2) were collected 5 WAT for both species by 
counting the number of individuals in two 0.5 m-2 quadrats in each plot. Counts were taken at the 
same time as a weed control rating 5 WAT.  
Plot sizes approximately 3.9 m by 7.6 m were established at each location. Plot size 
differed slightly between locations primarily as a function of the row-spacing common to 
individual locations (e.g. in Arkansas, the trial area was bedded to facilitate furrow irrigation, 
with beds spaced 97 cm apart). No crop was planted to the trial areas because even if these traits 
were not currently regulated, no single soybean cultivar will be able to tolerate PRE applications 
of all of the herbicides included in this experiment. The goal was to compare current and future 
herbicide programs in the same experiment to identify those that provide acceptable control of 
Palmer amaranth or waterhemp across locations and years. Typical pre-plant procedures (tillage, 
burndown herbicide applications, etc.) common to each individual state were used to prepare a 
weed-free area at the time of trial establishment. 
Weed control and density data were pooled across locations and years for each species. 
Data were analyzed in JMP 11 Pro (SAS Institute Inc, Cary, NC) using analysis of variance 
(ANOVA) and analysis of covariance (ANCOVA) in the MIXED procedure. Weed densities 
were analyzed by treatment using ANOVA with site-year and replication included as random 
variables and means were separated using a Fisher’s protected LSD (α = 0.05). No count data 
were collected in Nebraska for either the Palmer amaranth or waterhemp location in both years. 
Also, no count data were collected from the Missouri location in 2014. Weed control data for all 
weeks were analyzed together using ANCOVA with site-year as a random variable. At each time 
point from which data were collected for each site-year, data were averaged across replications. 
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Then, the logit transformation was used on the decimal equivalent of the weed control data to 
improve normality using Equation 1. logit = ln   !!!!               (Equation 1) 
Where p is the decimal equivalent of percent control. As the logit transformation for 0 is 
undefined and the logit of 1 is zero, weed control data were manipulated to remove such values. 
For any treatment at a given time point in a given site-year (e.g. treatment X; 4 WAT; 
Fayetteville, AR) with an average weed control of 0 was assigned a value of 0.025 (2.5% 
control) and any treatment with an average weed control of 1 was assigned a value of 0.995 
(99.5% control). The logit transformed data were then fit to Equation 2 using ANCOVA 
 logit = 𝛽! +   𝛽! 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 +   𝛽! 𝑊𝐴𝑇 +   𝛽! 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑊𝐴𝑇 −𝑊𝐴𝑇   +     𝛽! 𝑊𝐴𝑇 −𝑊𝐴𝑇 ! +   𝛽! 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑊𝐴𝑇 −𝑊𝐴𝑇 ! +   𝛽! 𝑆𝑖𝑡𝑒!"#$ +   𝜖        (Equation 2) 
 
where Treatment corresponds to the herbicide treatment and WAT is the number of weeks after 
treatment. Higher order terms containing the independent variable (WAT) are centered to the 
mean (𝑊𝐴𝑇) to improve correlation estimates, interpretation of the parameters, and 
meaningfulness of the statistical tests (Bradley and Srivastava 1979; Freund et al. 2003). Model 
parameters that were not significant (α = 0.05) were removed from the model. For Palmer 
amaranth the most refined model was Equation 3 and for waterhemp the most refined model was 
Equation 4. 
 logit = 𝛽! +   𝛽! 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 +   𝛽! 𝑊𝐴𝑇 +   𝛽! 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑊𝐴𝑇 −𝑊𝐴𝑇   +     𝛽! 𝑊𝐴𝑇 −𝑊𝐴𝑇 ! +   𝛽! 𝑆𝑖𝑡𝑒!"#$ +   𝜖          (Equation 3) 
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For Equation 3, 𝛽!= 4.77, 𝛽!= -0.63, and 𝛽!=0.04 for all Palmer amaranth treatments. The model 
parameter estimates for 𝛽! and 𝛽!are dependent upon the treatment and are summarized in Table 
4. 
 logit = 𝛽! +   𝛽! 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 +   𝛽! 𝑊𝐴𝑇   +     𝛽! 𝑊𝐴𝑇 −𝑊𝐴𝑇 ! +   𝛽! 𝑆𝑖𝑡𝑒!"#$ +   𝜖          
(Equation 4) 
 
For Equation 4, 𝛽!= 5.65, 𝛽!= -0.78, and 𝛽!=-0.195 for all waterhemp treatments. The model 
parameter estimates for 𝛽! are dependent upon the treatment and can be found in Table 5. Using 
the equation respective to each species, logit control was estimated for each treatment at the 
average (mean) WAT. By treating WAT as a quantitative variable, the average WAT was 
determined by taking the average of the WAT in which assessments were collected (mean WAT 
for Palmer amaranth = 4.3 and mean WAT for waterhemp = 3.2). The predicted logit control was 
back-transformed to percent control. Both the predicted logit and percent control are presented in 
Table 4 for Palmer amaranth and Table 5 for waterhemp. Treatment means, predicted values, and 
parameter estimates were separated using Fisher’s protected LSD (α = 0.05). 
 
Results and Discussion 
Palmer Amaranth. The nonlinear refined model describing Palmer amaranth control as a 
function of time (Equation 3) shows that control was negatively correlated with weeks after 
treatment (WAT). However, due to the relationship with the other parameters in the model, slope 
estimates (𝛽!)  for each treatment were positive or negative, with smaller and negative slope 
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estimates describing treatments with a greater rate of decline in percent control than treatments 
with larger and positive slope estimates (Table 4). Similarly, treatments with negative treatment 
effect estimates (𝛽!) were more likely to have a lower control at a given time point than 
treatments with positive treatment effect estimates (Table 4). Treatments with similar slopes 
decline in control at similar rates, and likewise have parallel regression lines. However, the 
regression lines still may be different due to the treatment effect estimate. Thus, by comparing 
the predicted control at the mean WAT, slope estimates, and treatment effect estimates, the 
treatments that provide the greatest control for the longest duration can be identified.  
Isoxaflutole + S-metolachlor + metribuzin, S-metolachlor + mesotrione, and flumioxazin 
+ pyroxasulfone had the greatest predicted control (98%, 97%, and 97%, respectively) at the 
mean WAT (WAT= 4.3), similar slopes, and similar treatment effect estimates (Table 4). Thus, 
these three treatments provided the greatest and most stable PRE control of Palmer amaranth for 
the duration of the experiment. Other treatments provided similar predicted control at the mean 
WAT compared to isoxaflutole + S-metolachlor + metribuzin, but did not have similar slope and 
similar treatment effect estimates like S-metolachlor + mesotrione, and flumioxazin + 
pyroxasulfone (Table 4). Dicamba and 2,4-D treatments had the lowest predicted control; 
however, these data show that both of these herbicides do have some, albeit minimal and short-
lived, residual activity. Dicamba at 1120 g ha-1 provided the greatest control of the four auxin-
alone treatments. For some treatments, the addition of dicamba (1120 g ha-1) improved control 
compared to the other product alone. At the mean WAT, the predicted control for metribuzin was 
69% and the addition of dicamba improved control 20% over metribuzin alone. Of all the single 
active ingredient treatments, pyroxasulfone at 179 g ha-1 provided the greatest predicted control 
4.3 WAT (96%) followed by isoxaflutole at 105 g ai ha-1 (90%). 
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Palmer amaranth plant densities collected 5 WAT showed similar results to the 
ANCOVA of the weed control data. Isoxaflutole + S-metolachlor, isoxaflutole + metribuzin, 
isoxaflutole + S-metolachlor + metribuzin, pyroxasulfone, flumioxazin + pyroxasulfone, and S-
metolachlor + mesotrione all reduced Palmer amaranth density 80 to 90% relative to the 
nontreated control (Table 6). The treatments with the greatest plant densities were all four auxin-
alone treatments. Dicamba at 1120 g ha-1 reduced plant densities as much as S-metolachlor, 
metribuzin, dicamba + metribuzin, and 2,4-D + metribuzin; however, plant densities do not take 
into account the size of the weeds at the time of assessment as do weed control ratings. 
Waterhemp. Treatments that performed well on Palmer amaranth also provided excellent  
control of waterhemp. Unlike with Palmer amaranth, the refined regression equation describing 
waterhemp control as a function of WAT (Equation 4) does not include a term for unequal 
slopes; thus, the rate of decline in weed control did not differ between treatments. Therefore, the 
regression lines for any given pair of treatments are parallel, but may still be different based on 
the treatment parameter estimate. The lack of significance for the unequal slopes parameter in 
the waterhemp equation may partially be explained by differences in weekly rainfall between the 
Palmer amaranth and waterhemp locations (Tables 1 and 2). Palmer amaranth locations received 
more rain than the waterhemp locations for most WAT, especially 2 WAT (2.5 cm and 5.7 cm 
for the waterhemp and Palmer amaranth locations, respectively). Additionally, Palmer amaranth 
locations were rated up to 8 WAT, whereas waterhemp locations were only rated up to 5 WAT, 
allowing more time for differences among treatments to occur. Having more Palmer amaranth 
locations and observations likely improved the statistical power of the Palmer amaranth data 
compared to the waterhemp data.  
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Isoxaflutole + S-metolachlor + metribuzin had the greatest predicted control of 
waterhemp (99%) at the mean WAT (3.2 WAT) and was not different from dicamba + S-
metolachlor, dicamba + metribuzin, dicamba + S-metolachlor + metribuzin, 2,4-D + S-
metolachlor + metribuzin, isoxaflutole, isoxaflutole + S-metolachlor, pyroxasulfone, flumioxazin 
+ pyroxasulfone, and S-metolachlor + mesotrione. According to these data, dicamba at 1120 g 
ha-1 had a predicted control of 95% 3.2 WAT and did not differ from many other residual 
products such as S-metolachlor. However, as seen at the Palmer amaranth locations, dicamba 
alone is not a reliable PRE herbicide and relying on dicamba alone for control of waterhemp 
would likely place intense selection pressure on the POST herbicides. Dicamba soil activity 
rapidly deteriorates after rainfall (Thompson et al. 2007; Anonymous 2010) and efficacy would 
decline rapidly in any field that experienced excessive rainfall after application. If anything, 
these data show that dicamba may be a tank-mix partner that provides some added benefit in 
weed control and increases number of sites of action applied PRE. 
 Pyroxasulfone reduced waterhemp plant density by 81% relative to the nontreated control 
and did not differ from pyroxasulfone, pyroxasulfone + flumioxazin, S-metolachlor + mesotrione, 
and all treatments containing isoxaflutole. When weed densities were collected 5 WAT, 
dicamba- and 2,4-D-only treatments had waterhemp densities that were reduced ≥72% of the 
nontreated control. The weed density for 2,4-D + S-metolachlor was equal to the nontreated 
control (100%), but was not different from either 2,4-D or S-metolachlor alone. Data were 
normalized to the mean density in the nontreated control to produce equal variances, but the 
large variability in nontreated density and relatively low number of site-years (compared to the 
Palmer amaranth data) may be affecting the results so that a treatment has similar density to the 
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nontreated 5 WAT. Furthermore, a weed density does not factor into account any differences in 
height that may exist between a treated plot and nontreated plot. 
Practical Implications. Dicamba, 2,4-D, isoxaflutole, and mesotrione all have PRE activity on 
Palmer amaranth and waterhemp. When dicamba, 2,4-D, isoxaflutole, or mesotrione are applied 
in combination with other residual herbicides as a PRE program (e.g. isoxaflutole + S-
metolachlor + metribuzin) >95% control can be achieved for more than 3 weeks after treatment. 
Although new PRE programs did not necessarily improve control over currently labeled ones, 
increasing the site-of-action diversity in soybean will reduce selection pressure on any one site of 
action and reduce the likelihood of herbicide resistance. Finally, a high efficacy of one program 
on one species does not guarantee the same level of efficacy on other species and new herbicide 
programs will have to be adapted to control not only Amaranthus spp., but also other species 
present in a given field. 
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  Table 1. PRE application date for Palmer amaranth site-years and rainfall data for each week after the PRE application. 
   
Rainfall 
   Weeks after PRE 
Location Year PRE 1 2  3  4 5  6  7 8  9  
   
---------------------------------------------cm--------------------------------------------- 
Keiser, Arkansas 2013 May 16 0.9 5.6 4.9 3.7 2.1 4.1 2.3 0.2 0.2 
2014 May 23 0.0 4.7 6.1 6.1 0.5 7.6 3.9 1.9 2.3 
Collinsville, 
Illinois 
2013 Jun 5 0.7 6 8.4 6.7 2.3 0.4 1.3 1.3 2.3 
2014 Jun 3 2.6 2.2 0.2 1.4 0.7 4.9 0.1 1.5 0.1 
Twelve Mile, 
Indiana 
2013 May 13 1.1 0.3 7.3 0.1 5.2 0.2 0.7 3.5 3.0 
2014 May 1 0.3 1.0 5.2 0.0 0.0 2.1 3.3 1.1 2.0 
Lincoln, 
Nebraska 
2013 May 23 2.3 13.9 2.5 0.6 0.1 3.1 0.0 0.0 0.0 
2014 May 8 0.8 7.6 1.8 3.1 6.8 0.0 5.8 2.4 0.0 
Jackson, 
Tennessee 
2013 May 16 2.1 8.4 3.8 1.8 1.9 2.0 0.6 3.0 0.2 
2014 May 7 1.0 7.0 0.0 1.7 15.8 9.0 0.0 2.9 5.0 
Mean   1.2 5.7 4.0 2.5 3.5 3.3 1.8 1.8 1.5 
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  Table 2. PRE application date for waterhemp site-years and rainfall data for each week after the PRE application. 
   
Rainfall 
   Weeks after PRE 
 
Year PRE 1 2  3  4 5  6  
   
-------------------------------cm------------------------------ 
De Soto, 
Illinois 
2013 May 24 1.8 4.2 0.4 0.9 4 0.8 
2014 May 5 4.0 6.4 0.3 1.9 4.9 0.2 
Moberly, 
Missouri 
2013 Jun 5 0.1 2.4 0.3 0.6 0.8 0.0 
2014 May 21 0.4 0.4 1.6 1.0 0.5 1.4 
Fremont, 
Nebraska 
2013 June 7 1.2 0.6 2.0 0.0 0 0.1 
2014 May 7 3.4 2.1 0.7 3.5 9.1 0.0 
Mean   1.8 2.7 0.9 1.3 3.2 0.4 
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  Table 3. Herbicide information for all products used in the experiments a 
Herbicide common 
name 
Herbicide 
Trade Name Timing Rate Manufacturer Address Website 
   g ai or g ae ha
-1    Dicamba Clarity PRE 560 and 1120 BASF Corporation Research Triangle 
Park, NC 
www.basf.com 
S-metolachlor Dual 
Magnum 
PRE 1068 Syngenta Crop 
Protection, LLC 
Greensboro, NC www.syngenta.c
om 
Metribuzin Metribuzin 
75 
PRE 420 or 630 Loveland Products, 
Inc. 
Greeley, CO www.lovelandpr
oducts.com 
2,4-D Weedar PRE 532 and 1065 Nufarm Inc. Burr Ridge, IL www.nufarm.co
m/US/Home 
Isoxaflutole Balance Pro PRE 105 Bayer CropScience 
LP 
Research Triangle 
Park, NC 
www.bayercrops
cienceus.com 
Pyroxasulfone Zidua PRE 179 BASF Corporation Research Triangle 
Park, NC 
www.basf.com 
Flumioxazin + 
pyroxasulfone 
Fierce PRE 70 + 89 Valent U.S.A. 
Corporation 
Walnut Creek, 
CA 
www.valent.com 
S-metolachlor + 
mesotrione 
Zemax PRE 1872 + 185 Syngenta Crop 
Protection, LLC 
Greensboro, NC www.syngenta.c
om 
a Abbreviation: ae=acid equivalent   
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  Table 4. Model parameter estimates and predicted control at the mean rating timing (approximately 4 WAT) for Palmer amaranth a,b 
 
 Parameter estimate 
 
Predicted control at 4 WAT 
Treatment Rate Treatment  Slope  
 
Logit Control 
 g ai ha-1 or g ae ha-1       -----%----- 
Dicamba 560 -2.80 a -0.56 a  -0.71 33 a 
Dicamba 1120 -1.34 d -0.27 b  0.75 68 c 
S-metolachlor 1068 -0.58 e 0.00 c-g  1.51 82 d 
Metribuzin 420 -1.29 d -0.05 b-g  0.81 69 c 
Dicamba + S-metolachlor 1120 + 1068 -0.03 fg -0.13 bcd  2.06 89 de 
Dicamba + metribuzin 1120 + 420 0.05 fg -0.11 b-e  2.14 89 e 
Dicamba + S-metolachlor + 
metribuzin 
1120 + 1068 + 420 1.16 hij 0.14 fgh  3.26 96 fg 
2,4-D 532 -2.44 b -0.19 bc  -0.35 41 b 
2,4-D 1065 -1.97 c -0.14 bcd  0.13 53 b 
2,4-D + S-metolachlor  1065 + 1068 -0.39 ef -0.18 bc  1.71 85 de 
2,4-D + metribuzin 1065 + 420 0.09 g 0.08 d-h  2.18 90 e 
2,4-D + S-metolachlor + metribuzin 1065 + 1068 + 420 0.87 h 0.16 gh  2.96 95 f 
Isoxaflutole 105 0.10 g -0.05 b-g  2.20 90 e 
Isoxaflutole + S-metolachlor 105 + 1068 1.15 hij 0.17 gh  3.24 96 fg 
Isoxaflutole + metribuzin 105 + 420 1.40 j 0.25 hi  3.50 97 fgh 
Isoxaflutole + S-metolachlor + 
metribuzin 
105 + 1068 + 420 1.90 k 0.43 i  3.99 98 h 
Pyroxasulfone 179 1.00 hi 0.15 gh  3.09 96 f 
Flumioxazin + pyroxasulfone 70 + 89 1.56 jk 0.13 e-h  3.65 97 gh 
S-metolachlor + mesotrione 1872 + 185 1.56 jk 0.18 ghi  3.66 97 gh 
a Abbreviations: ae, acid equivalent; WAT, weeks after treatment 
b Means within a column followed by the same lowercase letter are not different according to Fishers protected LSD (α = 0.05)  
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  Table 5. Model parameter estimates and predicted control at the mean rating timing (approximately 3 WAT) for waterhemp a,b 
 
 Parameter estimate 
 
Predicted Control at 3 WAT 
Treatment Rate Treatment 
 
Logit Control 
 
g ai ha-1 or g ae ha-1 
    
------%----- 
Dicamba 560 -0.99 b 2.14 89 bc 
Dicamba 1120 -0.18 cd  2.95 95 c-f 
S-metolachlor 1068 -0.63 bc  2.49 92 cd 
Metribuzin 420 -0.90 b  2.23 90 bc 
Dicamba + S-metolachlor 1120 + 1068 0.73 ef  3.86 98 efg 
Dicamba + metribuzin 1120 + 420 0.50 def  3.63 97 d-g 
Dicamba + S-metolachlor + metribuzin 1120 + 1068 + 420 0.87 ef  4.00 98 fg 
2,4-D 532 -2.55 a  0.58 64 a 
2,4-D 1065 -2.04 a  1.08 75 ab 
2,4-D + S-metolachlor  1065 + 1068 -0.48 bc  2.65 93 cde 
2,4-D + metribuzin 1065 + 420 -0.16 cd  2.97 95 c-f 
2,4-D + S-metolachlor + metribuzin 1065 + 1068 + 420 0.44 def  3.57 97 d-g 
Isoxaflutole 105 0.22 de  3.35 97 c-g 
Isoxaflutole + S-metolachlor 105 + 1068 1.00 f  4.13 98 fg 
Isoxaflutole + metribuzin 105 + 420 0.84 ef  2.97 95 c-f 
Isoxaflutole + S-metolachlor + metribuzin 105 + 1068 + 420 1.20 f  4.33 99 g 
Pyroxasulfone 179 0.56 ef  3.69 98 d-g 
Flumioxazin + pyroxasulfone 70 + 89 0.59 ef  3.72 98 d-g 
S-metolachlor + mesotrione 1872 + 185 0.98 f  4.11 98 fg 
a Abbreviations: ae, acid equivalent; WAT, weeks after treatment 
b Means within a column followed by the same lowercase letter are not different according to Fisher’s protected LSD (α = 0.05)  
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  Table 6. Palmer amaranth and waterhemp density adjusted as a percentage of the nontreated control for each herbicide program with 
data collected 5 weeks after treatment a,b 
  Density 
Herbicide Rate Palmer amaranth Waterhemp 
 g ai ha
-1 or g ae ha-1 ---------------------% of nontreated----------------------- 
Dicamba 560 86 a 81 abc 
Dicamba 1120 58 bcd 72 a-e 
S-metolachlor 1068 47 de 77 a-e 
Metribuzin 420 55 cd 69 b-e 
Dicamba + S-metolachlor 1120 + 1068 38 ef 66 c-f 
Dicamba + metribuzin 1120 + 420 48 de 88 abc 
Dicamba + S-metolachlor + metribuzin 1120 + 1068 + 420 28 fg 49 efg 
2,4-D 532 69 b 81 abc 
2,4-D 1065 68 bc 98 ab 
2,4-D + S-metolachlor  1065 + 1068 41 ef 100 a 
2,4-D + metribuzin 1065 + 420 47 de 91 abc 
2,4-D + S-metolachlor + metribuzin 1065 + 1068 + 420 28 fg 71 b-e 
Isoxaflutole 105 38 ef 50 d-g 
Isoxaflutole + S-metolachlor 105 + 1068 17 gh 36 gh 
Isoxaflutole + metribuzin 105 + 420 20 gh 39 fgh 
Isoxaflutole + S-metolachlor + metribuzin 105 + 1068 + 420 12 h 28 gh 
Pyroxasulfone 179 13 h 19 h 
Flumioxazin + pyroxasulfone 70 + 89 10 h 29 gh 
S-metolachlor + mesotrione 1872 + 185 17 gh 29 gh 
a Abbreviations: ae, acid equivalent; WAT, weeks after treatment  
b Means within a column followed by the same lowercase letter are not different according to Fisher’s protected LSD (α = 0.05) 
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Chapter 3 
Herbicide Program Approaches for Managing Glyphosate-Resistant Palmer Amaranth 
and Waterhemp in Future Soybean Trait Technologies  
 
Abstract 
Herbicide-resistant Amaranthus spp. continue to cause management difficulties in soybean. New 
soybean technologies under development including resistance to various combinations of 
glyphosate, glufosinate, dicamba, 2,4-D, isoxaflutole, and mesotrione will make possible the 
utilization of more herbicides sites of action in soybean than currently available. When this 
research was conducted, these soybean traits were still regulated and testing herbicide programs 
with the appropriate soybean genetics in a single experiment was not feasible. Therefore, the 
effectiveness of various herbicide programs (PRE herbicides followed by POST herbicides) were 
evaluated in bare ground experiments on glyphosate-resistant Palmer amaranth and glyphosate-
resistant waterhemp at locations in Arkansas, Illinois, Indiana, Missouri, Nebraska, and 
Tennessee. Twenty-five herbicide programs were evaluated, 5 of which were PRE herbicides 
only, 10 were PRE herbicides followed by POST herbicides 3 to 4 weeks after (WA) the PRE 
application (EPOST), and 10 were PRE herbicides followed by POST herbicides 6 to 7 WA the 
PRE application (LPOST). Programs with EPOST herbicides provided 94% or greater control of 
Palmer amaranth and waterhemp at 3 to 4 WA the EPOST. Overall, programs with LPOST 
herbicides resulted in a period of weed emergence in which weeds would typically compete with 
a crop. Weeds were not completely controlled with the LPOST herbicides, as weed sizes were 
larger (≥ 15cm) compared to sizes at the EPOST application (≤7 cm). Most programs with 
LPOST herbicides provided 80 to 95% control 3 to 4 WA LPOST. Based on an orthogonal 
contrast, using a synthetic auxin herbicide LPOST improves control of Palmer amaranth and 
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waterhemp over programs not containing a synthetic auxin LPOST. These results show 
herbicides that can be utilized in soybean containing auxinic or HPPD-resistant traits will 
provide growers with an opportunity for better control of glyphosate-resistant Palmer amaranth 
and waterhemp over a wide range of geographies and environments. 
 
Nomenclature: Palmer amaranth, Amaranthus palmeri S. Wats; waterhemp, Amaranthus 
tuberculatus (Moq.) Sauer.; soybean, Glycine max (L.) Merr. 
Key words:  weed control, new technologies, herbicide-resistant crop traits, herbicide-resistant 
weeds  
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Introduction 
Twenty-five states in the U.S. have confirmed glyphosate-resistant (GR) Palmer 
amaranth populations and sixteen states have confirmed GR waterhemp populations (Heap 2015). 
As the distinction between A. rudis and A. tuberculatus is increasingly difficult (Steckel 2007) 
and no distinction is made on the International Survey of Herbicide Resistant Weeds (Heap 
2015), these two species will be referred to collectively as waterhemp.  
Palmer amaranth populations with multiple resistance to acetolactate synthase (ALS)-
inhibiting herbicides and glyphosate are widespread in the Midsouth (Bagavathiannan and 
Norsworthy 2013). Documentation of multiple resistance in waterhemp to herbicides from at 
least two sites of action is increasingly common. Of the fields sampled in Illinois and Missouri 
by Tranel et. al (2011), 5% of them had plants resistant to ALS-, protoporphyrinogen oxidase 
(PPO)-inhibiting herbicides, and glyphosate. In 2012, more than half of the sampled populations 
in Missouri had confirmed resistance to at least two sites of action (Schultz et al. 2015). 
Waterhemp populations in Iowa have confirmed resistance to photosystem II (PSII)-, 5’-
enolpyruvalshikimate-3-phosphate synthase (EPSPS)-, ALS-, and 4-hydroxyphenylpyruvate 
dioxygenase (HPPD)-inhibiting herbicides (Heap 2015). Plants from a waterhemp population in 
Illinois tested positive for resistance to EPSPS-, ALS-, PPO-, and PSII-inhibitors (Bell et al. 
2013). Despite successful management strategies that have emerged and were implemented to 
manage GR Amaranthus spp. in the Midwest and Midsouth, evolution of herbicide resistance 
across the U.S. shows no sign of slowing as growers continue to adopt reactive strategies once 
the resistance becomes a problem rather than a more proactive approach (Heap 2015). 
Palmer amaranth has been documented as the most competitive of the Amaranthus spp. in 
regards to amount of plant volume, dry weight, and leaf area produced per plant (Horak and 
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Loughin 2000; Sellers et al. 2003). It is also considered one of the most troublesome weeds 
across the Midsouth (Webster 2012, 2013), and GR Palmer amaranth has spread to most states in 
the Midwest. A recent survey estimates GR Palmer amaranth has cost soybean producers 
millions of dollars in financial losses in the Midsouth (Riar et al. 2013). Within four weeks of 
emergence with the crop, Palmer amaranth can outgrow soybean by 20 cm and at densities of 10 
plants m-2 cause yield losses exceeding 60%  (Bensch et al. 2003; Klingaman and Oliver 1994). 
Palmer amaranth annual emergence can exceed 1,000 plants m-2 from a natural seedbank, 
demonstrating the importance of effective control to prevent rapid population growth (Jha and 
Norsworthy 2009). 
Amaranthus spp. possess numerous characteristics favoring their survival in current 
cropping systems including: high seed production, rapid growth rate, erect growth habit, 
extended emergence pattern, rapid seed production (able to reproduce a few weeks after 
emergence), acclimation to shading, and drought tolerance mechanisms (Bagavathiannan 2015; 
Horak and Loughin 2000; Jha and Norsworthy 2009; Jha et al. 2009; Keeley et al. 1987; 
Norsworthy et al. 2008; Sellers et al. 2003). The plethora of reproductive advantages 
Amaranthus spp. utilize increases the likelihood of their persistence and evolution of resistance 
to herbicides in modern production systems.  
The more individuals that are exposed to a single selection pressure, the greater the 
likelihood of evolving herbicide resistance. If the mutation rate for glyphosate-resistance alleles 
is set at 5 x 10-9 (five per one-billion individuals) (Neve et al. 2011), only 4,000 plants producing 
250,000 seeds plant-1 are required to result in five of those seeds possessing resistance to 
glyphosate or a herbicide from another site of action with a similar mutation rate. Considering 
there were over 35 million hectares planted to soybean in the U.S. in 2014 (USDA-NASS 2015), 
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prolific seed producers such as Amaranthus spp. are a serious threat for evolving resistance to 
any herbicide that is frequently used in production fields over a large geographical area. 
Therefore, rigorous weed management programs consisting of mechanical, cultural, and 
chemical control practices are still needed to manage herbicide-resistant Amaranthus spp.  
In 2016, the next-generation of herbicide-resistant soybean traits will begin to emerge on 
the commercial market. Eventually, varieties that are resistant to glyphosate, glufosinate, 
dicamba, 2,4-D, isoxaflutole, and mesotrione herbicides are expected to be commercialized in 
which additional herbicide options can be utilized. Various combinations of glyphosate, 
glufosinate, dicamba, and 2,4-D applied POST have proven to be effective for control of 
glyphosate-resistant weeds (Chahal and Johnson 2012; Craigmyle et al. 2013a; Craigmyle et al. 
2013b). Furthermore, mesotrione and isoxaflutole (HPPD-inhibitors) are effective at controlling 
Amaranthus spp. (Johnson et al. 2012; Sutton et al. 2002). The objective of this research was to 
evaluate current and future herbicide programs that contain multiple, effective herbicide sites of 
action for the control of waterhemp and Palmer amaranth in six states located in soybean 
growing regions in the U.S. The hypotheses of the these experiments were: herbicide programs 
that incorporate new technologies will perform differently when the POST application is made 
EPOST and LPOST, herbicide programs that incorporate new technologies will increase control 
of various species compared to current soybean herbicide programs, and herbicide programs 
incorporating different technologies will have differing spectrums of control. 
 
Materials and Methods 
The effectiveness of herbicide programs were evaluated on naturally occurring 
glyphosate-resistant Palmer amaranth in 2013 and 2014 at locations in Arkansas, Indiana, 
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Nebraska, Illinois, and Tennessee. The same programs were also evaluated on naturally 
occurring glyphosate-resistant waterhemp at locations in Illinois, Missouri, and Nebraska. Field 
experiments containing Palmer amaranth were conducted at the following locations: Northeast 
Research and Extension Center in Keiser, Arkansas (silty clay, Endoaquerts); a grower field near 
Twelve Mile, Indiana (loamy fine sand, Udipsamments), University of Nebraska Lincoln 
Havelock Farm, Lincoln, Nebraska (silty clay, Endoaquolls); a grower field near Collinsville, 
Illinois (silt loam, Hapludolls); and West Tennessee Research and Education Center, Jackson, 
Tennessee (silt loam,	  Hapludalfs). Waterhemp experiments were conducted in 2013 and 2013 at: 
a grower field near De Soto, Illinois (silt loam, Albaqualfs), a grower field near Moberly, 
Missouri (silt loam, Albaqualfs); and a grower field near Fremont, Nebraska (silty clay, 
Endoaquerts). The fields at these locations were selected because they contained a known 
glyphosate-resistant Amaranthus spp. population. Thus, glyphosate was not considered as a 
herbicide with an effective site of action for controlling Amaranthus spp. at these locations. 
Rainfall and irrigation data are summarized in Table 1 for the Palmer amaranth locations and in 
Table 2 for waterhemp locations. Rainfall data for each location were obtained from nearby 
National Oceanic and Atmospheric Administration (NOAA) weather stations (NOAA 2015). 
In total, 25 herbicide programs were evaluated, five of which were PRE only herbicides, 
10 were PRE herbicides followed by POST herbicides at 3 to 4 weeks after (WA) the PRE 
application (EPOST), and the final 10 programs consisted of the same PRE herbicides followed 
by herbicides applied 6 to 7 WA the PRE application (LPOST). Various combinations of 
flumioxazin (70 g ai ha-1), pyroxasulfone (89 g ai ha-1), S-metolachlor (1068 to 1872 g ai ha-1), 
metribuzin (420 or 630 g ai ha-1), isoxaflutole (105 g ai ha-1), dicamba (1120 g ae ha-1), 
acetochlor (2307 g ai ha-1), mesotrione (185 g ai ha-1), and fomesafen (266 g ai ha-1) were 
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applied at trial initiation (PRE) and followed by applications of various combinations of 
glyphosate (867 or 1054 g ae ha-1), S-metolachlor (1054 or 1068 g ai ha-1), dicamba (560 g ae ha-
1), glufosinate (594 g ai ha-1), 2,4-D (1065 g ae ha-1), fomesafen (263 g ai ha-1), and mesotrione 
(105 g ai ha-1), either at 3 to 4 WA PRE or 6 to 7 WA PRE (see Table 3 for a list of all the 
herbicides used in the experiment and Table 4 for complete list of the herbicide programs). When 
applied PRE, the rate of S-metolachlor was 1068 g ai ha-1 unless it was part of a premix with 
fomesafen (S-metolachlor at 1216 g ai ha-1) or mesotrione  (S-metolachlor at 1872 g ai ha-1). 
When applied POST, the rate of S-metolachlor was 1068 g ai ha-1 unless it was part of a premix 
with glyphosate + mesotrione (S-metolachlor at 1054 g ai ha-1 + glyphosate 1054 g ae ha-1 + 
mesotrione at 105 g ai ha-1). Similarly, the rate of glyphosate was 867 g ae ha-1 unless it was a 
part of the same premix of S-metolachlor + glyphosate + mesotrione. The rate of metribuzin was 
adjusted for the soil texture and soil organic matter present at a given location according to 
labeled recommendations. Metribuzin was applied at 420 g ai ha-1 on lower soil OM (<4%) sites 
including Havelock, NE; Fremont, NE; and Twelve Mile, IN and at 630 g ai ha-1 on fine textured 
(silty clay), medium textured (silt loam) or higher soil OM sites including Keiser, AR; 
Collinsville, IL; De Soto, IL; Moberly, MO, and Jackson, TN.  Herbicides included in these 
experiments are either currently available or are herbicides that were program concepts for use in 
the developmental herbicide-resistant soybean technologies.  
Plot sizes were approximately 3.9 m by 7.6 m at each location. Plots size differed slightly 
among locations primarily as a function of the row-spacing common to individual locations (e.g. 
in Arkansas, the trial area was bedded to facilitate furrow irrigation, with beds spaced 97 cm 
apart). No soybean variety was available that was resistant to all of the herbicides included in 
this experiment. The goals were to compare current and future herbicide programs in the same 
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experiment and to identify those that provide the greatest control of Amaranthus spp. Therefore, 
no crop was planted at the trial locations. Typical preplanting procedures (tillage, applying 
nonresidual burndown herbicides, etc.) common to each individual state were used to prepare a 
weed-free area at the time of trial establishment. Application of POST herbicides were targeted 
for 3 and 6 weeks after WA PRE (EPOST and LPOST, respectively) and ratings were targeted 
for 3 WA each application timing. Due to variables that exist among sites and between years, 
such as weather, EPOST applications were made within the range of 3 to 4 WA PRE, LPOST 
herbicides were applied within the range of 6 to 7 WA PRE, and data were collected within 3 to 
4 WA each application. Weed control ratings visually assessed and based on a scale of 0 to 100% 
control relative to the nontreated check, with 0% being no control and 100% being death of all 
weeds of that species. Weed counts (plants m-2) were collected by counting the number of 
individuals in two 0.5 m-2 quadrats in each plot. Counts were taken at the same time as the weed 
control ratings, both at 3 to 4 WA EPOST and 3 to 4 WA LPOST.  
All data were analyzed in JMP Pro 11 using the MIXED procedure. Data were pooled 
across location and site-year and replication were included in the model as random effects. 
Means were separated using Fisher’s protected LSD (α = 0.05) and orthogonal contrasts were 
conducted for unique groups of herbicide programs (α = 0.05). In 2013, the Collinsville, IL site 
(Palmer amaranth) experienced excessive rainfall that resulted in surface movement of all PRE 
herbicides across the field site; thus, the experiment was abandoned. Weed counts were not 
collected for either location in Nebraska in 2014, so pooled data for weed counts do not contain 
information from those sites in 2014. For the 3 to 4 WA LPOST rating, ratings for the programs 
with only PRE herbicides were excluded from analysis due to high variability and many 
herbicides declining to near 0% control (data not shown). Thus, inclusion of the programs with 
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only PRE herbicides at the 3 to 4 WALPOST rating resulted in data that did not meet the equal 
variance assumptions for ANOVA. Weed densities were normalized for each location by 
converting them to a percentage relative to the average count in the nontreated check plots. Thus, 
locations with large densities (>100 plants m-2) and locations with low densities (10 m-2) could 
be compared. Where appropriate, densities were also subjected to a natural log transformation to 
improve normality and results were back-transformed for discussion. 
 
Results and Discussion 
Palmer Amaranth Control. All PRE–only programs provided at least 95% Palmer amaranth 
control 3 to 4 WA PRE (data not shown). Six to seven WA PRE, Palmer amaranth control was 
>85% for flumioxazin + pyroxasulfone, S-metolachlor + metribuzin + isoxaflutole, S-
metolachlor + mesotrione + metribuzin, and S-metolachlor + fomesafen + metribuzin (Figure 1). 
However, Palmer amaranth control with dicamba + acetochlor declined to only 80% 6 to 7 WA 
PRE. Similarly, Palmer amaranth density for flumioxazin + pyroxasulfone was 8%, relative to 
the nontreated, and significantly lower than dicamba + acetochlor (24%) 3-4 WA EPOST (Table 
4). At the 3 to 4 WA EPOST rating, the LPOST herbicides had not yet been applied. As would 
be expected, all programs with a LPOST herbicides did not significantly differ from their 
respective PRE–only program for both weed control and plant counts.  
All programs which consisted of PRE fb EPOST timings provided 95% or more control 
of Palmer amaranth at 3 to 4 WA the EPOST application (Figure 1). Weed densities were also 
reduced for all programs with an EPOST herbicides to ≤5%, relative to the densities in the 
nontreated controls (Table 4). More differences between programs were observed at the 3 to 4 
WA LPOST rating than at the 3 to 4 WA EPOST rating. All programs that utilized dicamba or 
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2,4-D LPOST had >90% control of Palmer amaranth at 3 to 4 WA LPOST and were numerically 
greater that all programs that did not contain auxinic herbicides LPOST (Figure 2). However, 
just because a program included an auxinic herbicide LPOST did not mean it was significantly 
different than those programs that did not. For example, flumioxazin + pyroxasulfone PRE fb S-
metolachlor + glyphosate + 2,4-D LPOST (91% control) did not differ from S-metolachlor + 
mesotrione + metribuzin PRE fb fomesafen LPOST (85% control). The programs that provided 
the greatest control at both rating timings consisted of PRE fb POST applications utilizing three 
or more sites of action (Figures 1 and 2). 
Overall, control was greater for programs with LPOST herbicides than programs with 
EPOST herbicides 3 to 4 WA LPOST, and an orthogonal contrast shows a significant difference 
between programs with EPOST herbicides and programs with LPOST herbicides (Table 5). This 
indicates that by the 3 to 4 WA LPOST rating, herbicide programs with a residual herbicide 
included in the EPOST application were no longer providing residual control, leading to new 
emergence. However, a different situation occurred with programs with LPOST herbicides. Data 
collected immediately prior to the LPOST application (weed control 3 to 4 WA EPOST) show 
Palmer amaranth plants were present in the plots at the time of application (15 to 25 cm in height, 
depending on location), and were not fully controlled 3 to 4 WA LPOST. Relating this to a 
situation with an actual crop, having plants not fully controlled by LPOST herbicides is less 
desirable than applying EPOST herbicides and risking emergence 3 to 4 weeks later. Weeds 
present at the time of a POST application have already competed with the crop for light, water, 
nutrients, etc. and may have already caused yield reductions (Bensch et al. 2003; Klingaman and 
Oliver 1994). Conversely, weed emergence is reduced under a crop canopy (Jha and Norsworthy 
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2009) compared to an area without a crop canopy. Also, later emerging weeds may be controlled 
with a second POST herbicide application. 
Comparing only technologies that contained either HPPD- or synthetic auxin-resistance 
traits at the 3 to 4 WA LPOST rating, herbicide programs with HPPD-inhibiting herbicides were 
significantly different from herbicide programs with auxinic herbicides when applied EPOST 
(0.0011) and LPOST (0.0002) (Table 5). When fomesafen or mesotrione was applied EPOST, 
ratings 3 to 4 WA LPOST were greater than programs containing an auxinic herbicide EPOST. 
Conversely, including an auxinic herbicide LPOST provided greater control of Palmer amaranth 
than programs with fomesafen or mesotrione LPOST. Programs containing either a dicamba- or 
2,4-D-resistance trait did not differ. Overall, new technologies performed better for controlling 
Palmer amaranth than glyphosate- or glufosinate-resistant systems (p<0.0001). Orthogonal 
contrasts were also conducted on the plant density data collected 3 to 4 WA LPOST. Results 
from contrasts on the density data were similar to results for the weed control data except for the 
contrasts between HPPD and auxin technologies EPOST and LPOST (p>0.05). This discrepancy 
may be explained by densities not taking into account the size of the plants, which would be a 
factor in the weed control rating. 
Waterhemp Control. All programs with only PRE herbicides provided at least 95% control of 
waterhemp 3 to 4 WA application (data not shown). Waterhemp control at 6 to 7 WA PRE (same 
as the 3 to 4 WA EPOST rating) was >90% for dicamba + acetochlor only. S-metolachlor + 
mesotrione + metribuzin and S-metolachlor + fomesafen + metribuzin had <90% control but did 
not differ from dicamba + acetochlor (Figure 3). Flumioxazin + pyroxasulfone had the lowest 
control (73% control) of the PRE–only programs 3 to 4 WA EPOST. Unlike the Palmer 
amaranth locations, dicamba + acetochlor provided the greatest control of waterhemp (92%) and 
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had the lowest weed density (6%) 3 to 4 WA EPOST. The differing performances of these 
residual products may be due to slight differences in sensitivity between species and differences 
in soil activity and persistence of the residual products across locations. Acetochlor requires 1.2 
cm rainfall to incorporate the product into the soil solution (Anonymous 2011). Among the 
Palmer amaranth locations, only Illinois in 2014, Nebraska in 2013, and Tennessee in 2013 had 
greater than 1.2 cm of rainfall in the first week after PRE. Among the waterhemp locations, 
Missouri in both years had less than 1.2 cm of rainfall, however, Illinois and Nebraska had 
greater than 3 cm the first week after PRE. Flumioxazin + pyroxasulfone does not have any 
requirement for rainfall incorporation on the product label (Anonymous 2013). Additionally, the 
flumioxazin + pyroxasulfone treatment is more likely to have a decrease in activity compared 
with acetochlor after 2.4 cm of rainfall has occurred (Anonymous 2013). The difference in 
amount of rainfall needed to incorporate acetochlor into the soil solution, compared with 
flumioxazin + pyroxasulfone, may have contributed to the differences in control between 
waterhemp and Palmer amaranth. Furthermore, other confounding factors, such as climate, soil 
organic matter, and soil texture differences, may be influencing efficacy between the waterhemp 
and Palmer amaranth sites.  
 All programs with EPOST herbicides provided 96% control of waterhemp at 3 to 4 WA 
EPOST (Figure 3) and reduced waterhemp density to ≤1% of the density in the nontreated 
control (Table 4). The one exception was for flumioxazin + pyroxasulfone PRE followed by S-
metolachlor + glyphosate, a labeled application in glyphosate-resistant soybean, which controlled 
glyphosate-resistant waterhemp 94% and reduced waterhemp density to 5%. By 3 to 4 WA 
LPOST, flumioxazin + pyroxasulfone PRE followed by S-metolachlor + glyphosate, which 
contains no effective sites of action with postemergence activity, provided only 74% control 
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(Figure 4). The programs that provided the greatest control at both rating timings typically 
consisted of PRE fb POST applications utilizing three or more sites of action (Figures 3 and 4), 
with the exception of dicamba + acetochlor PRE fb S-metolachlor + glyphosate + dicamba 
LPOST (2 sites of action). 
No difference existed between technologies that included an auxinic or HPPD-resistance 
trait when applied EPOST, but were different when applied LPOST, with auxinic herbicides 
providing better control (p=0.0018) (Table 5). An orthogonal contrast between programs 
containing either a dicamba or 2,4-D showed no difference between those technologies, and 
future technologies performed better than current technologies (p<0.0001). Contrasts on the 
weed densities were similar to the weed control contrasts for the EPOST vs. LPOST (p=0.0056), 
current vs. future technologies (0.0006), and 2,4-D vs. dicamba technologies (p>0.05), but not 
for auxin vs. HPPD technologies EPOST (0.0001) and auxin vs. HPPD technologies LPOST 
(p>0.05). These discrepancies are likely due to the lower weed control ratings of the two 
programs containing fomesafen EPOST, while at the same time having lower weed densities. 
This would suggest the plants that survived glyphosate + fomesafen EPOST were large by the 3 
to 4 WA LPOST rating. 
Even though programs with EPOST herbicides provided less control than programs with 
LPOST herbicides at 3 to 4 WA LPOST, waiting until 6 to 7 WA PRE to make a POST 
application gives weeds a longer opportunity to emerge and compete with the crop. The critical 
weed-free period to prevent yield loss in soybean is emergence up to V1 through V4 stage 
(Knezevic et al. 2003; Van Acker et al. 1993) and is dependent upon the climate, row spacing, 
weed species, weed density, and potentially other factors (such as irrigated areas). In many 
situations, herbicides will not provide control for the duration of the critical weed-free period; 
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therefore, an application of a POST herbicide 3 to 5 WA PRE is necessary for maintaining the 
weed-free period. The critical weed free period may vary between the site locations as the row 
spacing for soybean can vary from 18 to 97 cm and varieities differ in their time to full canopy. 
Soybeans planted in narrower rows achieve full canopy sooner, reducing the critical wee free 
period. Waiting to apply a POST herbicide provides an opportunity for newly emerged weeds to 
compete with the crop and grow to a size that may not be fully controlled by LPOST, as all 
programs with LPOST herbicides had less than 95% control 3 to 4 WA LPOST. Furthermore, 
the critical weed free period only takes into account yield loss in the current crop, not other 
potential results of not controlling weeds for the duration of the season such as replenishment of 
the soil seedbank. 
Practical Implications. Timely POST herbicide applications (3 to 4 WA PRE), as a component 
of the future herbicide programs investigated in these experiments, should effectively manage 
glyphosate-resistant waterhemp and Palmer amaranth. Current technologies that include a POST 
herbicide with an effective site of action (e.g. glufosinate) in combination with a residual product 
will also control glyphosate-resistant Amaranthus spp. To delay herbicide-resistance from 
developing, applying residual herbicides PRE and POST to minimize selection pressure on 
herbicides with only POST activity is recommended (Norsworthy et al. 2012). Furthermore, 
applications of POST herbicides should occur no later than 3 to 4 WA PRE to ensure herbicides 
are applied at labeled weed sizes and residual herbicides applied POST are effectively utilized. 
However, it is possible residual herbicides may not be effective if no rainfall occurs after 
application. In situations where little to no rainfall occurs during the weeks following application 
of residual herbicides, or when canopy closure does not occur (e.g. late-planted soybean or less 
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than recommended density), making another application of a POST herbicide may be necessary 
for season-long control.  
Most of the herbicide programs evaluated were either comparable or superior to current 
herbicide programs being utilized in glyphosate- or glufosinate-resistant soybean involving PRE 
and POST residual herbicides. New technologies could further enhance site of action diversity in 
soybean, lessening the risks of herbicide resistance evolution (Norsworthy et al. 2012) and 
improving the control of waterhemp, Palmer amaranth and other hard-to-control weeds. Utilizing 
more than one herbicide site of action throughout the growing season, and preferably in the same 
application, will lessen the likelihood of evolving herbicide resistance. Overall, programs 
utilizing new technologies provided longer and improved control of both Palmer amaranth and 
waterhemp. In situations that prevent timely PRE and POST applications, applying an auxinic 
herbicide LPOST will improve control over currently labeled products (i.e. glyphosate and 
glufosinate) LPOST. Despite the emergence of technologies that will increase the number of 
chemical weed control options in soybean, weed management programs that rely solely on a 
single herbicide are not sustainable (Norsworthy et al. 2012). Populations of Amaranthus spp. 
have been documented with resistance to the synthetic auxins, HPPD-inhibitors and PPO-
inhibitors used in these experiments as well as resistance to PSII-inhibitors (Heap 2015). Based 
on the weed control data from each site-year and historical knowledge of each location, there is 
no reason to suspect the Amaranthus spp. populations investigated were resistant to any other 
herbicides besides glyphosate used in this experiment. However, Amaranthus spp. populations 
exist that are resistant to many of the herbicides in the new soybean herbicide programs. Proper 
integrated weed management programs that incorporate effective soybean herbicide programs 
are vital for sustainable herbicide-resistant management. Thus, the successful integration of non-
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chemical weed management tactics (e.g. biological, cultural, and mechanical practices) along 
with utilizing the herbicides that can be applied in future herbicide-resistant soybean traits will 
serve as the premise of best management practices. 
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  Table 1. Application information for Palmer amaranth site-years and rainfall data for each week after the PRE application 
     
Rainfall 
     Weeks after PRE 
Location Year PRE EPOST LPOST 1 2  3  4a 5  6  7bc 8  9  10de  11  12  13  
     
---------------------------------------------------------cm-----------------------------------
------------------- 
Keiser, 
Arkansas 
2013 May 16 Jun 6 Jun 27 0.9 5.6 4.9 3.7 2.1 4.1 2.3 0.2 0.2 0.4 7.0 4.2 4.4 
2014 May 23 Jun 26 Jul 10 0.0 4.7 6.1 6.1 0.5 7.6 3.9 1.9 2.3 0.3 0.2 2.6 0.0 
Collinsville, 
Illinois 2014 Jun 3 Jun 25 Jul 16 4.4 4.1 2.0 1.2 0.1 1.6 0.7 0.0 0.1 
11.
2 1.6 3.4 0.1 
Twelve 
Mile, 
Indiana 
2013 May 23 Jun 4 Jun 25 1.1 0.3 7.3 0.1 5.2 0.2 0.7 3.5 3.0 0.2 2.7 0.0 1.2 
2014 May 1 May 22 Jun 12 0.3 1.0 5.2 0.0 0.0 2.1 3.3 1.1 2.0 1.1 0.6 1.5 0.9 
Lincoln, 
Nebraska 
2013 May 23 Jun 8 Jun 31 2.3 13.9 2.5 0.6 0.1 3.1 0.0 0.0 0.0 0.7 3.7 0.0 0.9 
2014 May 8 May 27 Jun 19 0.8 7.6 1.8 3.1 6.8 0.0 5.8 2.4 0.0 0.8 0.3 0.2 0.2 
Jackson, 
Tennessee 
2013 May 13 Jun 3 Jun 24 2.1 8.4 3.8 1.8 1.9 2.0 0.6 3.0 0.2 1.8 7.4 2.3 1.2 
2014 May 7 May 27 Jun 16 1.0 7.0 0.0 1.7 15.8 9.0 0.0 2.9 5.0 2.3 5.2 1.4 0.0 
Mean     1.4 5.8 3.7 2.0 3.6 3.3 1.9 1.7 1.4 2.1 3.2 1.7 1.0 
a EPOST application occurred during or near the fourth week (21 to 28 d) after PRE 
b LPOST application occurred during or near seventh week (42 to 49 d) after PRE 
c The 3 to 4 WA EPOST rating was collected during or near the seventh week after PRE, prior to the LPOST application 
d The 3 to 4 WA LPOST rating was collected during or near the tenth week (63 to 70 d) after PRE 
e At the Arkansas location in 2014 only, plots were furrow irrigated to field capacity  
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  Table 2. Application information for waterhemp site-years and rainfall data for each week after the PRE application. 
     
Rainfall  
     Week after PRE  
 
Year PRE EPOST LPOST 1 2  3  4a 5  6  7bc 8  9  10d  11  12  13  Total 
     
-------------------------------------------------cm---------------------------------------------- 
De Soto, 
Illinois 
2013 May 24 Jun 14 Jul 5 6.0 0.1 0.3 1.0 3.6 3.5 0.1 2.8 0.7 3.1 5.9 0.7 0.2 28.0 
2014 May 5 May 27 Jun 18 3.2 7.3 0.2 0.4 4.8 2.0 0.0 4.3 2.3 0.4 1.8 0.4 0.0 27.1 
Moberly, 
Missouri 
2013 Jun 5 Jun 27 Jul 15 0.1 2.4 0.3 0.6 0.8 0.0 0.0 1.3 1.7 1.8 0.8 0.0 0.0 9.8 
2014 May 21 Jun 19 Jul 19 0.4 0.4 1.6 1.0 0.5 1.4 0.3 0.2 2.5 0.0 0.0 6.2 1.8 16.3 
Fremont, 
Nebraska 
2013 May 23 Jun 5 Jun 30 5.3 1.9 1.2 0.6 2.0 0.0 0.0 0.1 1.0 3.0 5.1 1.7 0.5 22.4 
2014 May 7 May 28 Jun 20 3.4 2.1 0.7 3.5 9.1 0.0 8.6 10.1 0.4 0.6 0.1 0.5 0.2 39.3 
Mean     3.1 2.4 0.7 1.2 3.5 1.1 1.5 3.1 1.4 1.5 2.3 1.6 0.5  
a EPOST application occurred during or near the fourth week (21 to 28 d) after PRE 
b LPOST application occurred during or near seventh week (42 to 49 d) after PRE 
c The 3 to 4 WA EPOST rating was collected during or near the seventh week after PRE, prior to the LPOST application 
d The 3 to 4 WA LPOST rating was collected during or near the tenth week (63 to 70 d) after PRE 
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  Table 3. Herbicide information for all products used in the experiments a 
Herbicide 
common name 
Herbicide 
Trade 
Name 
Timing Rate Manufacturer Address Website Adjuvantb 
   
g ai or 
g ae 
ha-1     
Flumioxazin + 
pyroxasulfone Fierce PRE 
70 + 
89 
Valent U.S.A. 
Corporation 
Walnut Creek, 
CA 
www.valent.co
m  
Metribuzin Metribuzin 75 PRE 
420 or 
630  
Loveland 
Products, INC. Greeley, CO 
www.loveland
products.com  
Dicamba Clarity PRE 1120 BASF Corporation 
Research 
Triangle Park, 
NC 
www.basf.com  
S-metolachlor Dual Magnum PRE 1068 
Syngenta Crop 
Protection, LLC 
Greensboro, 
NC 
www.syngenta.
com  
S-metolachlor + 
fomesafen Prefix PRE 
1216 + 
266 
Syngenta Crop 
Protection, LLC 
Greensboro, 
NC 
www.syngenta.
com  
Acetochlor Warrant PRE 2307 Monsanto Company St. Louis, MO 
www.monsant
o.com  
Isoxaflutole Balance Pro PRE 105 
Bayer 
CropScience LP 
Research 
Triangle Park, 
NC 
www.bayercro
pscienceus.co
m  
 S-metolachlor + 
mesotrione Zemax PRE 
1872 + 
185 
Syngenta Crop 
Protection, LLC 
Greensboro, 
NC 
www.syngenta.
com  
Glyphosate Roundup PowerMax POST 867 
Monsanto 
Company St. Louis, MO 
www.monsant
o.com  
Dicamba Clarity POST 560 BASF Corporation 
Research 
Triangle Park, 
NC 
www.basf.com NIS 
2,4-D Weedar POST 1065 Nufarm  Inc. Burr Ridge, IL www.nufarm.com/US/Home   
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  Table 3 cont.        
Glufosinate Liberty POST 594 Bayer CropScience LP 
Research 
Triangle Park, 
NC 
www.bayercro
pscienceus.co
m  
Fomesafen Flexstar POST 263 Syngenta Crop Protection, LLC 
Greensboro, 
NC 
www.syngenta.
com MSO 
S-metolachlor + 
glyphosate + 
mesotrione 
Halex GT POST 
1054 
+1054 
+ 105 
Syngenta Crop 
Protection, LLC 
Greensboro, 
NC 
www.syngenta.
com NIS 
a Abbreviations: NIS, nonionic surfactant (Helena Chemical Company, Collierville, TN); MSO, methylated seed oil (Helena Chemical 
Company, Collierville, TN) 
b Adjuvant rates: NIS, 0.25% v/v; MSO, 1% v/v  
74 
	  Table 4. Glyphosate-resistant Palmer amaranth and waterhemp density adjusted as a percentage of the nontreated control for each 
herbicide program with data collected 3 to 4 WA EPOST and 3 to 4 WA LPOST a, b 
Program 
Number 
    Palmer amaranth  Waterhemp 
PRE herbicide POST herbicide SOA POST timing 
3-4 
WA 
EPOST 
3-4 WA 
LPOST 
 3-4 
WA 
EPOST 
3-4 WA 
LPOST 
     --------------------------%-------------------------- 1 Nontreated   - 100  100   100  100  
2 Flumioxazin + pyroxasulfone  2 - 8 e-i -  
 13 a-d -  
3 S-metolachlor + isoxaflutole + metribuzin  3 - 23 ab -  
 10 b-f -  
4 Dicamba + acetochlor  2 - 24 a -   6 e-i -  
5  S-metolachlor + mesotrione + metribuzin  3 - 17 a-d -  
 13 a-d -  
6 S-metolachlor + fomesafen + metribuzin  3 - 12 d-g -  
 6 e-g -  
7 Flumioxazin + pyroxasulfone 
S-metolachlor + 
glyphosate 2 EPOST 5 g-i 32 ab 
 5 f-i 14 a 
8 Flumioxazin + pyroxasulfone 
S-metolachlor + 
glyphosate + dicamba 3 EPOST 1 hi 32 a-c 
 1 g-i 14 a 
9 Dicamba + acetochlor S-metolachlor + glyphosate + dicamba 2 EPOST 1 hi 22 a-d 
 0 i 15 a 
10 Flumioxazin + pyroxasulfone 
S-metolachlor + 
glufosinate 3 EPOST 2 hi 29 a-d 
 0 hi 12 a-c 
11 Flumioxazin + pyroxasulfone 
S-metolachlor + 
glyphosate + 2,4-D 3 EPOST 1 i 34 a 
 0 i 13 ab 
12 Flumioxazin + pyroxasulfone 
S-metolachlor + 
glyphosate + 2,4-D + 
glufosinate 
4 EPOST 1 i 34 a 
 
1 g-i 11 a-d 
13 S-metolachlor + isoxaflutole + metribuzin 
Glyphosate + 
fomesafen 4 EPOST 0 i 18 a-d 
 0 i 2 g 
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  Table 4 cont             
14  S-metolachlor + mesotrione + metribuzin fomesafen 4 EPOST 1 i 16 a-d 
 0 i 4 e-g 
15 S-metolachlor + fomesafen + metribuzin 
S-metolachlor + 
glyphosate + 
mesotrione 
4 EPOST 1 i 35 a 
 
1 hi 11 a-d 
16 S-metolachlor + fomesafen + metribuzin 
S-metolachlor + 
glyphosate + 
mesotrione + dicamba 
5 EPOST 2 hi 30 a-d 
 
0 i 9 a-g 
17 Flumioxazin + pyroxasulfone 
S-metolachlor + 
glyphosate 2 LPOST 7 f-i 30 a-d 
 18 a 14 a 
18 Flumioxazin + pyroxasulfone 
S-metolachlor + 
glyphosate + dicamba 3 LPOST 9 d-h 9 d 
 15 a-c 5 d-g 
19 Dicamba + acetochlor S-metolachlor + glyphosate + dicamba 2 LPOST 22 a-c 11 cd 
 8 d-f 3 g 
20 Flumioxazin + 
pyroxasulfone 
S-metolachlor + 
glufosinate 3 LPOST 22 a-c 19 a-d 
 18 a 10 a-e 
21 Flumioxazin + pyroxasulfone 
S-metolachlor + 
glyphosate + 2,4-D 3 LPOST 16 a-e 22 a-d 
 15 a-c 8 a-g 
22 Flumioxazin + pyroxasulfone 
S-metolachlor + 
glyphosate + 2,4-D + 
glufosinate 
4 LPOST 11 d-g 13 b-d 
 
17 a 10 a-f 
23 S-metolachlor + isoxaflutole + metribuzin 
Glyphosate + 
fomesafen 4 LPOST 22 a-c 18 a-d 
 10 c-f 9 a-g 
24  S-metolachlor + mesotrione + metribuzin fomesafen 4 LPOST 16 a-d 20 a-d 
 16 ab 7 b-g 
25 S-metolachlor + fomesafen + metribuzin 
S-metolachlor + 
glyphosate + 
mesotrione 
4 LPOST 15 b-f 24 a-d 
 
11 b-e 6 c-g 
26 S-metolachlor + fomesafen + metribuzin 
S-metolachlor + 
glyphosate + 
mesotrione + dicamba 
5 LPOST 14 c-f 9 d 
 
10 b-f 4 fg 
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  a Abbreviations: WA, weeks after; EPOST, early-postemergence; LPOST, late-postemergence; SOA, number of effective sites of 
action within each herbicide program with glyphosate excluded due to resistance 
b Means within a column followed by the same lowercase letter are not different
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Table 5. Orthogonal contrasts for percent control and density of Palmer amaranth and 
waterhemp data collected 3-4 weeks after the LPOST application a,b 
 
Palmer amaranth 
 
Waterhemp 
Contrast Control Density 
 
Control Density 
EPOST v. 
LPOST *** **   *** ** 
Current v. 
Future 
technologies 
*** *  *** ** 
2,4-D v. 
Dicamba 
technologies 
NS NS  NS NS 
Auxins v. 
HPPD EPOSTc ** NS  NS * 
Auxins v. 
HPPD LPOSTd ** NS   ** NS 
a Abbreviations: LPOST, late-postemergence; EPOST, early postemergence; NS, not significant 
b Significant at the *p= 0.05 to 0.01, **p= 0.01 to 0.001, ***p ≤0.001 levels 
c Indicates only the programs containing EPOST herbicides were included in the contrast 
d Indicates only the programs containing LPOST herbicide were included in the contrast 
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Figure 1. Box and whisker plots depicting Palmer amaranth percent control 3 to 4 weeks after 
EPOSTa for each herbicide program, and number of effective sites of action (SOA) b 
 
a EPOST=early-postemergence 
b Means of herbicide programs sharing the same letter are not significantly different according 
to Fishers protected LSD (α = 0.05) 
c Herbicide program corresponds to the appropriate number listed in Table 4 
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Figure 2. Box and whisker plots depicting Palmer amaranth percent control 3 to 4 weeks after 
LPOSTa for each herbicide program, and number of effective sites of action (SOA) b 
 
a LPOST=late-postemergence 
b Means of herbicide programs sharing the same letter are not significantly different according 
to Fishers protected LSD (α = 0.05) 
c Herbicide program corresponds to the appropriate number listed in Table 4 
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Figure 3. Box and whisker plots depicting waterhemp percent control 3 to 4 weeks after 
EPOSTa for each herbicide program, and number of effective sites of action (SOA) b 
 
 
a EPOST=early-postemergence 
b Means of herbicide programs sharing the same letter are not significantly different according 
to Fishers protected LSD (α = 0.05) 
c Herbicide program corresponds to the appropriate number listed in Table 4 
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Figure 4. Box and whisker plots depicting waterhemp percent control 3 to 4 weeks after 
LPOSTa for each herbicide program, and number of effective sites of action (SOA) b 
 
a LPOST=late-postemergence 
b Means of herbicide programs sharing the same letter are not significantly different according 
to Fishers protected LSD (α = 0.05) 
c Herbicide program corresponds to the appropriate number listed in Table 4 
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Chapter 4 
Herbicide Programs for Managing Troublesome Weeds Using New Soybean Technologies  
Abstract 
Emerging herbicide-resistance soybean technologies will allow more PRE and POST herbicides 
to be applied in soybean than ever before. These new soybean varieties will have stacked 
resistance to various herbicides including glyphosate, glufosinate, dicamba, 2,4-D, and several 
4-hydroxyphenylpyruvate dioxygenase (HPPD)-inhibiting herbicides. As many combinations of 
these herbicide have not been used in soybean either PRE or POST, two experiments were 
conducted to evaluate various PRE and total herbicide programs on control of barnyardgrass, 
pitted morningglory, and prickly sida. Both experiments were established in 2013 and 2014 in 
Keiser, Arkansas in the absence of a crop. In the Herbicide Programs trial, 25 herbicide 
programs were evaluated, five of which were PRE-only treatments, 10 were PRE herbicides 
followed by POST herbicides at 3 to 4 weeks after (WA) the PRE application (EPOST), and 10 
were PRE herbicides followed by POST herbicides at 6 to 7 WA the PRE application (LPOST). 
The programs that contained EPOST herbicides controlled pitted morningglory, prickly sida, 
and barnyardgrass ≥95% 2 WA EPOST. Based on orthogonal contrasts, future technologies (i.e. 
herbicide programs utilizing an auxinic or HPPD-resistance trait) did not perform better than 
current technologies for control and weed density of barnyardgrass and prickly sida, but future 
programs outperformed current programs for control of pitted morningglory. In the PRE-only 
trial, 19 herbicide treatments were evaluated 4 and 7 weeks after PRE (WAP) to identify highly 
efficacious treatments with prolonged residual control. The gretest control 7 WAP of pitted 
morningglory and barnyardgrass was obtained with isoxaflutole + S-metolachlor + metribuzin, 
but did not differ from some other programs containing similar herbicides (e.g. S-metolachlor + 
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mesotrione). Flumioxazin + pyroxasulfone, a treatment currently labeled in soybean, provided 
the greatest control (77%) of prickly sida, but did not differ from isoxaflutole + S-metolachlor + 
metribuzin (71%). Based on these results, new technologies that are likely to soon be available 
in soybean will present growers an opportunity for effective management of barnyardgrass, 
pitted morningglory, and prickly sida and if used properly will help mitigate the evolution of 
herbicide resistance. 
 
Nomenclature: barnyardgrass, Echinochloa crus-galli (L.) Beauv.; pitted morningglory, 
Ipomoea lacunosa L.; prickly sida, Sida spinosa L.; soybean, Glycine max (L.) Merr. 
Key words:  weed control, new technologies, herbicide-resistant crop traits, herbicide-resistant 
weeds  
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Introduction 
In the next few years, the next-generation of herbicide-resistant soybean traits will begin 
to emerge on the commercial market. In the coming years, soybean varieties resistant to 
glyphosate, glufosinate, dicamba, 2,4-D, isoxaflutole, and mesotrione will be available, thereby 
increasing the number of herbicides and herbicide sites of action (SOA) that can be applied in 
crop. To adequately control the increasing number of herbicide-resistant weeds, a weed control 
program must utilize residual herbicides in combination with POST treatments (Norsworthy et 
al. 2012). Fortunately, growers have recognized the need for residual herbicides and are 
increasing their usage of PRE products as effective means for managing resistance (Prince et al. 
2012).  
New varieties will allow for PRE applications of auxinic herbicides (e.g. 2,4-D and 
dicamba) and HPPD-inhibitors (e.g. isoxaflutole and mesotrione). Dicamba and 2,4-D are 
synthetic auxin herbicides used to control emerged weeds prior to planting (in the case of most 
dicot crops) or POST in monocot crops. However, it is known that both 2,4-D and dicamba 
have selective, rapid, and relatively short-lived soil activity (Anonymous 2010; Thompson et al. 
2007). If used in combination with other residual herbicides that require more time or rainfall to 
activate, auxinic herbicides may be a useful addition to PRE applications.  
POST applications containing various combinations of glyphosate, glufosinate, dicamba, 
and 2,4-D have proven to be effective at controlling a number of broadleaf and grass weed 
species (Chahal and Johnson 2012; Craigmyle et al. 2013a; Craigmyle et al. 2013b). Mesotrione 
and isoxaflutole (HPPD-inhibitors) have been shown to have effective activity on many species 
when applied PRE and POST (Armel et al. 2003a; Armel et al. 2003b; Johnson et al. 2012; 
Stephenson and Bond 2012; Sutton et al. 2002) and will increase the number of SOA labeled for 
	  86 
use in soybean. However, mesotrione applied POST does not adequately control many annual 
grasses (Armel et al. 2003a; Armel et al. 2003b; Armel 2008).  
Barnyardgrass, prickly sida, and morningglories (Ipomoea spp.) are three of the most 
common and troublesome weeds in Midsouth soybean production systems (Webster 2013). 
Prickly sida is a branched, erect, annual herb that exhibits a somewhat greater tolerance to 
glyphosate than many other weeds, especially at larger sizes (Jordan et al. 1997). Additionally, 
controlling prickly sida with various synthetic auxin herbicides alone (e.g. 2,4-D) has been a 
challenge (Norsworthy et al. 2010). The combined natural tolerance to glyphosate and synthetic 
auxin herbicides likely means prickly sida will remain a troublesome weed in next-generation 
cropping systems that rely on those herbicides. Similarly, pitted morningglory also exhibits 
tolerance to a labeled rate of glyphosate (Jordan et al. 1997; Norsworthy and Oliver 2002) and 
efficacy can vary from 23 to 78% depended upon weed size at the time of application (Lanie et 
al. 1994). Pitted morningglory is a creeping annual herb that can cause severe yield losses in 
soybean, and penetrate the crop canopy later in the season to interfere with harvest in situations 
where less than complete control is achieved (Norsworthy and Oliver 2002). Fortunately, 2,4-D 
and dicamba have proven to be effective at controlling Ipomoea spp. (Ferrell and Witt 2002; 
Siebert et al. 2004), and being able to utilize the synthetic auxin herbicides in soybean should be 
a useful tool for controlling pitted morningglory. 
Historically, barnyardgrass has been one of the most troublesome weeds in rice, a 
common rotational crop with soybean in the Midsouth. Barnyardgrass is an extensive seed 
producer, has an extended emergence pattern, possesses a rapid C4 growth habit. Barnyardgrass 
also has an extensive resistance profile, making barnyardgrass highly competitive with soybean 
albeit not as competitive as other weeds such as Palmer amaranth (Amaranthus palmeri S. 
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Wats) (Cowan et al. 1998; Heap 2015; Talbert and Burgos 2007)). Bagavathiannan et al. 
(2011b) determined emergence can take place from mid-April to late September in Arkansas 
and is largely dependent upon location and soil type, based on experiments conducted on a 
Hebert silt loam in Rohwer, AR, a Sharkey clay in Rohwer, AR, Dewitt silt loam in Stuttgart, 
AR; and a Taloka silt loam in Fayetteville, AR. Bagavathiannan et al. (2011a) estimated that 
barnyardgrass can produce up to 31,500 seed plant-1 when emerging with the soybean crop in 
the row-middle. Yield reductions in soybean were estimated by Vail and Oliver (1993) to be 
0.25% per plant per m of row. Hence, it is important that effective control of barnyardgrass and 
aforementioned weeds be maintained in order to protect crop yields.  Therefore, the objective of 
this research was to evaluate current and future herbicide programs that contain multiple, 
effective herbicide sites of action for the control of barnyardgrass, pitted morningglory, and 
prickly sida. The hypotheses for these experiments were: herbicide programs that incorporate 
new technologies will increase control of various species compared to current soybean herbicide 
programs, and herbicide programs incorporating different technologies will have differing 
spectrums of control. 
 
Materials and Methods 
Two experiments were conducted at the University of Arkansas Northeast Research and 
Extension Center (NREC) in Keiser, Arkansas in 2013 and repeated in 2014. Plots of 3.9 m 
wide by 7.6 m long were established on a Sharkey silty clay (very-fine, smectitic, thermic 
Chromic Epiaquerts); with beds spaced 97 cm apart. As many of the new herbicide-resistant 
traits are still regulated, it was not feasible to test complete weed control programs involving 
several herbicide combinations without killing the crop. Therefore, the field experiments were 
	  88 
conducted in a bare-soil scenario simulating a soybean production system, but without planting 
an actual crop. The purpose of the first experiment (Herbicide Programs experiment) was to 
compare current and future herbicide programs to identify those that provide acceptable control 
of barnyardgrass, pitted morningglory, and prickly sida. In the second experiment (PRE-only 
experiment), only PRE treatments that would occur at the time soybean would be planted were 
evaluated. Preplanting procedures common to Arkansas soybean production (i.e. tillage, 
nonresidual burndown herbicide application, and establishing raised beds spaced 97 cm apart) 
were used to prepare a weed-free area at the time of trial establishment. Although the test area 
was bedded to facilitate furrow irrigation, only the Herbicide Programs trial on one date in 2014 
received irrigation. Rainfall data were obtained from the NREC weather station and are 
summarized in Figure 1. In 2014 only, plots in the Herbicide Program trial were furrow 
irrigated to field capacity during the tenth WA PRE. 
PRE herbicides in both the Herbicide Programs trial and PRE-only trial were applied 
May 16, 2013 and May 23. Herbicides and herbicide products used in both experiments are 
summarized in Table 1. Herbicides included in this experiment are either currently available or 
are herbicides that can be utilized in new-herbicide trait technologies. Each of the programs 
tested are ones that are likely to be recommended by companies that will market the respective 
transgenic traits.  
Herbicide Programs. In total, 25 herbicide programs were evaluated, five of which were PRE 
only treatments, 10 were PRE herbicides followed by POST herbicides at 3 to 4 weeks after 
(WA) the PRE application (EPOST), and the final 10 programs consisted of the same PRE 
herbicides followed by herbicides applied 6 to 7 WA the PRE application (LPOST). Various 
combinations of flumioxazin (70 g ai ha-1), pyroxasulfone (89 g ai ha-1), S-metolachlor (1068-
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1872 g ai ha-1), metribuzin (630 g ai ha-1), isoxaflutole (105 g ai ha-1), dicamba (1120 g ae ha-1), 
acetochlor (2307 g ai ha-1), mesotrione (185 g ai ha-1), and fomesafen (266 g ai ha-1) were 
applied at trial initiation (PRE) and followed by applications of various combinations of 
glyphosate (867 or 1054 g ae ha-1), S-metolachlor (1054 or 1068 g ai ha-1), dicamba (560 g ae 
ha-1), glufosinate (594 g ai ha-1), 2,4-D (1065 g ae ha-1), fomesafen (263 g ha-1), and mesotrione 
(105 g ai ha-1), either at 3 to 4 WA PRE or 6 to 7 WA PRE (see Table 2, 3, or 4 for complete list 
of treatments). When applied PRE, the rate of S-metolachlor was 1068 g ha-1 unless it was part 
of a premix with fomesafen (S-metolachlor at 1216 g ha-1) or mesotrione (S-metolachlor at 1872 
g ai ha-1). When applied POST, the rate of S-metolachlor was 1068 g ha-1 unless it was part of a 
premix with glyphosate + mesotrione (S-metolachlor at 1054 g ai ha-1 + glyphosate 1054 g ae 
ha-1 + mesotrione at 105 g ha-1). Similarly, the rate of glyphosate was 867 g ae ha-1 unless it was 
a part of the same premix of S-metolachlor + glyphosate + mesotrione.  
POST applications were targeted for 3 and 6 weeks after WA PRE (EPOST and LPOST, 
respectively) and ratings collected 3 WA PRE and 2 WA both the EPOST and LPOST 
treatments were applied. Due to weather in 2014, the EPOST application occurred 4 WA PRE 
and the LPOST application occurred on time 6 WA PRE. EPOST herbicides were applied June 
6, 2013 and June 26, 2014 and LPOST herbicides were applied June 27, 2013 and July 10, 2014. 
Weed control ratings were based on a scale of 0 to 100% control, relative to the nontreated 
control, with 0% being no control and 100% being complete death of the respective species. 
Weed densities (plants m-2) were determined by counting the number of individuals in two 0.5 
m-2 quadrats in each plot. Densities were collected at the same time as the weed control ratings, 
both at 2 WA EPOST and at 2 WA LPOST.  
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PRE-only. Herbicide treatments consisted of flumioxazin (70 g ha-1), pyroxasulfone (89 or 178 
g ai ha-1), S-metolachlor (1068-1872 g ha-1), metribuzin (630 g ha-1), isoxaflutole (105 g ha-1), 
dicamba (560 or 1120 g ha-1), 2,4-D (532 or 1064 g ha-1), mesotrione (185 g ha-1) were applied 
alone or in various combinations for a total of 19 treatments plus one nontreated control. The 
rate of S-metolachlor was 1068 g ai ha-1 unless it was part of a premix with mesotrione (S-
metolachlor at 1872 g ai ha-1). Similarly, the rate of pyroxasulfone was 178 g ha-1 unless it was 
part of a premix with flumioxazin (pyroxasulfone at 89 g ai ha-1). These treatments were based 
on PRE applications likely to be recommended by the companies that will market the new 
herbicide traits, and decomposition of those treatments containing more than one herbicide. 
Weed control ratings (plants m-2) were collected 4 and 7 weeks after PRE (WAP) and densities 
were collected 7 WAP using the same procedures as in the Herbicide Programs trial.  
All data were analyzed in JMP Pro 11 using the MIXED procedure for both trials. Data 
for each respective trial were pooled across years and year and replication were included in the 
models as random variables. Means were separated using Fisher’s protected LSD (α = 0.05), 
and orthogonal contrasts were conducted for unique groups of treatments (α = 0.05). Where 
appropriate, counts were also subject to a natural log transformation to improve normality and 
results were back-transformed for discussion. Prickly sida was not present in sufficient quantity 
in the Herbicide Programs trial in 2014, so results from prickly sida for the Herbicide Programs 
trial are only for one year. Treatments that were rated as 0% control in all replications in both 
years were removed prior to ANOVA. 
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Results and Discussion 
Herbicide Programs. All PRE treatments provided ≥ 90% control of barnyardgrass, prickly 
sida, and pitted morningglory 3 WA PRE, except for dicamba + acetochlor, which controlled 
only barnyardgrass at 82% (data not shown). Of the five programs that only contained PRE 
herbicides, acetochlor + dicamba provided the least control of all three species 5 WA PRE (i.e. 
2 WA EPOST) (Tables 2, 3 and 4). The programs that included EPOST herbicides controlled 
pitted morningglory, prickly sida, and barnyardgrass ≥95% 2 WA EPOST. Of the programs that 
contained LPOST herbicides, acetochlor + dicamba PRE fb S-metolachlor + glyphosate + 
dicamba LPOST had the lowest control of all three species numerically compared to all other 
programs with LPOST herbicides, and for most comparisons was significantly different. As 
many of the programs contained similar LPOST herbicides (combinations of glyphosate, 
dicamba, 2,4-D, S-metolachlor, or glufosinate) the reduced effectiveness of the LPOST program 
with acetochlor + dicamba PRE can likely be attributed to the reduced performance of the PRE 
application. To minimize late-season seed production as a result of escapes, flumioxazin + 
pyroxasulfone fb S-metolachlor + glyphosate + dicamba would be the recommended program in 
a dicamba-resistant soybean system. 
No difference between any of the future technologies (herbicide programs utilizing an 
auxinic or HPPD-resistance trait) was observed for both percent weed control and weed 
densities for pitted morningglory and barnyardgrass (Tables 2 and 4). Future technologies did 
not perform better than current technologies for control and weed density of barnyardgrass and 
prickly sida, but future programs outperformed current programs included in this study for 
control of pitted morningglory. This shows that both the auxinic and HPPD-inhibiting 
herbicides will improve control of pitted morningglory in soybean. Due to the relative tolerance 
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of prickly sida to auxinic herbicides and tolerance of barnyardgrass to both auxinic and HPPD-
inhibiting herbicides, it is not surprising programs utilizing new technologies are not providing 
better control of these two species than current herbicide programs. Overall, programs 
containing LPOST herbicides reduced the pitted morningglory densities more than programs 
with a EPOST herbicides 2 WA LPOST. However, this was not reflected in the weed control 
ratings because even though there were a fewer number of plants in programs with LPOST 
herbicides those plants were larger and had survived the LPOST herbicides (personal 
observation). Weed densities were greater and percent control of barnyardgrass was lower for 
programs with EPOST herbicides compared to those with LPOST herbicides, demonstrating 
that it is better to make a POST treatment earlier containing a residual herbicide and apply a 
second POST application later if needed. This strategy prevents early-season competition 
between the weeds and the crop, thereby maximizing yield potential in a cropping situation. 
PRE-only. Both 2,4-D and dicamba demonstrated some residual activity on pitted 
morningglory, prickly sida and even barnyardgrass (Tables 5, 6, and 7). At the high rate, both 
2,4-D (1065 g ae ha-1) and dicamba (1120 g ae ha-1) controlled pitted morningglory and prickly 
sida ≥79% 4 weeks after PRE (WAP). By 7 WAP, 2,4-D and dicamba-only treatments were 
indistinguishable from the nontreated control in regards to pitted morningglory and 
barnyardgrass control (Table 7). Both dicamba + metribuzin and 2,4-D + metribuzin provided 
less residual control of barnyardgrass than all other treatments 7 WAP, except for the auxinic 
herbicides alone. Isoxaflutole + S-metolachlor + metribuzin provided the greatest control of 
pitted morningglory (77%) and barnyardgrass (95%) 7 WAP but did not differ from some other 
programs containing similar herbicides (e.g. S-metolachlor + mesotrione). For control of prickly 
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sida, flumioxazin + pyroxasulfone provided the greatest control (77%) but did not differ from 
isoxaflutole + S-metolachlor + metribuzin (71%) (Table 6).  
For all species, control was greater and weed densities were lower 7 WAP for the tank-
mixes containing HPPD-inhibitors compared to tank-mixes with auxinic herbicides (Tables 5, 6, 
and 6). This shows the HPPD-inhibitors may be of more value than the auxinic herbicides when 
applied PRE for the treatments investigated. Orthogonal contrasts show future programs can 
provide less (e.g. barnyardgrass 7 WAP), greater (e.g. pitted morningglory 7 WAP), and similar 
(e.g. prickly sida 7 WAP) control compared to current programs, depending upon the species 
and time of the rating. New technologies may increase the number of herbicides and sites of 
action available for PRE applications in soybean; however, a specific PRE treatment that may 
provide acceptable control of one species may be weak on another. 
Practical Implications. Based on these results, new soybean technologies will benefit both 
PRE and POST herbicide applications for control of barnyardgrass, prickly sida, and pitted 
morningglory. Although the new technologies were not as effective as current technologies for 
control of barnyardgrass and prickly sida, utilizing more herbicide SOA will reduce the pressure 
placed on current herbicides commonly used in soybean. Dicamba, 2,4-D, isoxaflutole, and 
mesotrione have excellent POST activity on pitted morningglory and using these herbicides in 
soybean should be of noticeable benefit to the grower. These data also show measurable soil 
activity of 2,4-D and dicamba for marginal control of pitted morningglory and prickly sida. 
While using these auxinic herbicides PRE by themselves would not provide adequate control, 
applying them with another PRE product provides some additive benefit and further increases 
the SOA diversity of a PRE application. 
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  Table 1. Herbicide information for all products used in both the Herbicide Programs and PRE-only experiments a 
Common name Trade name Timing Rate Manufacturer Address Website Adjuvant
b 
   
g ai or 
ae ha-1     
Pyroxasulfone Zidua PRE 179 BASF Corporation 
Research 
Triangle Park, 
NC 
www.basf.com  
Flumioxazin + 
pyroxasulfone Fierce PRE 
70 + 
89 
Valent U.S.A. 
Corporation 
Walnut Creek, 
CA 
www.valent.co
m  
Metribuzin Metribuzin 75 PRE 630 
Loveland 
Products, Inc. Greeley, CO 
www.loveland
products.com  
Dicamba Clarity PRE 
560 
and 
1120 
BASF Corporation 
Research 
Triangle Park, 
NC 
www.basf.com  
2,4-D Weedar PRE 
532 
and 
1065 
Nufarm Inc. Burr Ridge, IL www.nufarm.com/US/Home  
S-metolachlor Dual Magnum PRE 1068 
Syngenta Crop 
Protection, LLC 
Greensboro, 
NC 
www.syngenta.
com  
S-metolachlor + 
fomesafen Prefix PRE 
1216 + 
266 
Syngenta Crop 
Protection, LLC 
Greensboro, 
NC 
www.syngenta.
com  
Acetochlor Warrant PRE 2307 Monsanto Company St. Louis, MO 
www.monsant
o.com  
Isoxaflutole Balance Pro PRE 105 
Bayer 
CropScience LP 
Research 
Triangle Park, 
NC 
www.bayercro
pscienceus.co
m  
S-metolachlor + 
mesotrione Zemax PRE 
1872 + 
185 
Syngenta Crop 
Protection, LLC 
Greensboro, 
NC 
www.syngenta.
com  
Glyphosate Roundup PowerMax POST 867 
Monsanto 
Company St. Louis, MO 
www.monsant
o.com  
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  Table 1 cont.        
Dicamba Clarity POST 560 BASF Corporation 
Research 
Triangle Park, 
NC 
www.basf.com NIS 
2,4-D Weedar POST 1065 Nufarm Inc. Burr Ridge, IL www.nufarm.com/US/Home  
Glufosinate Liberty POST 594 Bayer CropScience LP 
Research 
Triangle Park, 
NC 
www.bayercro
pscienceus.co
m  
Fomesafen Flexstar POST 263 Syngenta Crop Protection, LLC 
Greensboro, 
NC 
www.syngenta.
com MSO 
S-metolachlor + 
glyphosate + 
mesotrione 
Halex GT POST 
1054 + 
1054 + 
105 
Syngenta Crop 
Protection, LLC 
Greensboro, 
NC 
www.syngenta.
com NIS 
a Abbreviations: ae, acid equivalent; NIS, nonionic surfactant (Helena Chemical Company, Collierville, TN); MSO, methylated seed 
oil (Helena Chemical Company, Collierville, TN) 
b Adjuvant rates: NIS, 0.25% v/v; MSO, 1% v/v 
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  Table 2. Pitted morningglory treatment means for percent control and density followed by orthogonal contrasts for the Herbicide 
Programs trial a,b 
   
POST 
Timing 
Control  Density 
PRE treatment POST treatment SOA 2 WA EPOST  
2 WA 
LPOST  
2 WA 
LPOST 
    --------------%-------------  plants m
-2 
Nontreated ---   0   0   1.5 a-e Flumioxazin + 
pyroxasulfone --- 2  88 de  -   0.7 e-h 
S-metolachlor + isoxaflutole 
+ metribuzin --- 3  88 de  -   3.1 a 
Dicamba + acetochlor --- 2  74 f  -   2.5 abc S-metolachlor + mesotrione 
+ metribuzin --- 3  93 a-d  -   2.1 a-d 
S-metolachlor + fomesafen 
+ metribuzin --- 3  85 e  -   2.8 ab 
Flumioxazin + 
pyroxasulfone S-metolachlor + glyphosate 3 EPOST 98 abc  93 cde 1.1 c-f 
Flumioxazin + 
pyroxasulfone 
S-metolachlor + glyphosate 
+ dicamba 4 EPOST 99 a  94 b-e 1.3 b-e 
Dicamba + acetochlor S-metolachlor + glyphosate + dicamba 3 EPOST 98 ab  93 cde 0.7 e-h 
Flumioxazin + 
pyroxasulfone 
S-metolachlor + 
glufosinate 3 EPOST 96 abc  86 f  2.0 a-d 
Flumioxazin + 
pyroxasulfone 
S-metolachlor + glyphosate 
+ 2,4-D 4 EPOST 100 a  96 a-d 0.3 fgh 
Flumioxazin + 
pyroxasulfone 
S-metolachlor + glyphosate 
+ 2,4-D + glufosinate 5 EPOST 98 abc  90 ef  1.4 a-e 
S-metolachlor + isoxaflutole 
+ metribuzin Glyphosate + fomesafen 5 EPOST 98 abc  95 a-e 1.3 b-e 
 S-metolachlor + mesotrione 
+ metribuzin fomesafen 4 EPOST 100 a  98 ab  0.9 d-g 
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  Table 2 cont.           
S-metolachlor + fomesafen 
+ metribuzin 
S-metolachlor + glyphosate 
+ mesotrione 5 EPOST 100 a  93 b-e 0.5 e-h 
S-metolachlor + fomesafen 
+ metribuzin 
S-metolachlor + glyphosate 
+ mesotrione + dicamba 6 EPOST 100 a  99 a  0.2 gh 
Flumioxazin + 
pyroxasulfone S-metolachlor + glyphosate 3 LPOST 86 e  75 g  2.0 a-d 
Flumioxazin + 
pyroxasulfone 
S-metolachlor + glyphosate 
+ dicamba 4 LPOST 85 e  93 cde 0.2 gh 
Dicamba + acetochlor S-metolachlor + glyphosate + dicamba 3 LPOST 78 f  91 de  0.7 e-h 
Flumioxazin + 
pyroxasulfone 
S-metolachlor + 
glufosinate 3 LPOST 92 b-e  97 abc 0.6 e-h 
Flumioxazin + 
pyroxasulfone 
S-metolachlor + glyphosate 
+ 2,4-D 4 LPOST 86 e  97 abc 0.0 h 
Flumioxazin + 
pyroxasulfone 
S-metolachlor + glyphosate 
+ 2,4-D + glufosinate 5 LPOST 88 de  96 abc 0.3 fgh 
S-metolachlor + isoxaflutole 
+ metribuzin Glyphosate + fomesafen 5 LPOST 91 b-e  93 cde 1.0 d-g 
S-metolachlor + mesotrione 
+ metribuzin fomesafen 4 LPOST 97 abc  99 a  0.2 gh 
S-metolachlor + fomesafen 
+ metribuzin 
S-metolachlor + glyphosate 
+ mesotrione 5 LPOST 91 cde  96 abc 0.7 e-h 
S-metolachlor + fomesafen 
+ metribuzin 
S-metolachlor + glyphosate 
+ mesotrione + dicamba 6 LPOST 89 de  99 a  0.2 gh 
Contrast EPOST v. LPOST      NS  0.0060 
 Current v. future technologies      0.0002  0.0002 
 2,4-D vs. dicamba technologies      NS  NS 
 Auxins v. HPPD EPOST      NS  NS 
 Auxins v. HPPD LPOST      NS  NS 
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  a Abbreviations: WA, weeks after; EPOST, early-postemergence; LPOST, late-postemergence; SOA, number of effective sites of 
action within each herbicide program 
b Means within a column followed by the same lowercase letter are not different based on Fisher’s protected LSD 
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  Table 3. Prickly sida treatment means for percent control and density followed by orthogonal contrasts for the Herbicide Programs 
trial a,b 
PRE treatment POST treatment SOA 
POST 
Timing 
Control 
 
Count 
2 WA 
EPOST 
 
2 WA 
LPOST 
 
2 WA 
LPOST 
    
-------------%------------- 
 
plants m-2 
Nontreated ----   0   0   1.9 a Flumioxazin + pyroxasulfone ---- 2  100 a  -   0.8 a-g S-metolachlor + isoxaflutole + 
metribuzin ---- 3  98 ab  -   0.6 b-h 
Dicamba + acetochlor ---- 2  86 c  -   1.4 ab  S-metolachlor + mesotrione + 
metribuzin ---- 3  98 ab  -   1.2 a-d 
S-metolachlor + fomesafen + 
metribuzin ---- 3  99 a  -   1.1 a-d 
Flumioxazin + pyroxasulfone S-metolachlor + glyphosate 3 EPOST 100 a  90 cde  0.4 c-h 
Flumioxazin + pyroxasulfone S-metolachlor + glyphosate + dicamba 4 EPOST 100 a  91 b-e  0.6 b-h 
Dicamba + acetochlor S-metolachlor + glyphosate + dicamba 3 EPOST 95 b  68 f  1.3 abc 
Flumioxazin + pyroxasulfone S-metolachlor + glufosinate 3 EPOST 99 a  89 de  1.0 a-e 
Flumioxazin + pyroxasulfone S-metolachlor + glyphosate + 2,4-D 4 EPOST 100 a  89 de  0.5 b-h 
Flumioxazin + pyroxasulfone S-metolachlor + glyphosate + 2,4-D + glufosinate 5 EPOST 100 a  88 e  0.9 a-f 
S-metolachlor + isoxaflutole + 
metribuzin Glyphosate + fomesafen 5 EPOST 100 a  93 a-e  0.3 d-h 
 S-metolachlor + mesotrione + 
metribuzin fomesafen 4 EPOST 100 a  100 a  0.3 d-h 
S-metolachlor + fomesafen + 
metribuzin 
S-metolachlor + glyphosate 
+ mesotrione 5 EPOST 100 a  93 a-e  0.1 fgh 
S-metolachlor + fomesafen + 
metribuzin 
S-metolachlor + glyphosate 
+ mesotrione + dicamba 6 EPOST 100 a  100 a  0.0 gh 
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  Table 3 cont.            
Flumioxazin + pyroxasulfone S-metolachlor + glyphosate 3 LPOST 99 a  90 cde  0.2 e-h 
Flumioxazin + pyroxasulfone S-metolachlor + glyphosate + dicamba 4 LPOST 100 a  97 abc  0.0 gh 
Dicamba + acetochlor S-metolachlor + glyphosate + dicamba 3 LPOST 86 c  89 de  0.0 h 
Flumioxazin + pyroxasulfone S-metolachlor + glufosinate 3 LPOST 100 a  94 a-e  0.4 c-h 
Flumioxazin + pyroxasulfone S-metolachlor + glyphosate + 2,4-D 4 LPOST 100 a  100 a  0.0 h 
Flumioxazin + pyroxasulfone S-metolachlor + glyphosate + 2,4-D + glufosinate 5 LPOST 100 a  96 a-d  0.0 gh 
S-metolachlor + isoxaflutole + 
metribuzin Glyphosate + fomesafen 5 LPOST 99 a  93 a-e  0.5 b-h 
S-metolachlor + mesotrione + 
metribuzin fomesafen 4 LPOST 100 a  97 abc  0.0 gh 
S-metolachlor + fomesafen + 
metribuzin 
S-metolachlor + glyphosate 
+ mesotrione 5 LPOST 100 a  98 ab  0.0 h 
S-metolachlor + fomesafen + 
metribuzin 
S-metolachlor + glyphosate 
+ mesotrione + dicamba 6 LPOST 100 a  99 a  0.0 gh 
Contrast EPOST v. LPOST      <0.0001  0.0002 
 Current v. future technologies      NS  NS 
 2,4-D vs. dicamba technologies      NS  NS 
 Auxins v. HPPD EPOST      <0.0001  0.0048 
 Auxins v. HPPD LPOST      NS  NS 
a Abbreviations: WA, weeks after; EPOST, early-postemergence; LPOST, late-postemergence; SOA, number of effective sites of 
action within each herbicide program 
b Means within a column followed by the same lowercase letter are not different based on Fisher’s protected LSD  
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  Table 4. Barnyardgrass treatment means for percent control and density followed by orthogonal contrasts for the Herbicide Programs 
trial a,b 
   
POST 
Timing 
Control  Count 
PRE treatment POST treatment SOA 
2 WA 
EPOST  
2 WA 
LPOST  
2 WA 
LPOST 
    ---------------%---------------  plants m
-2 
Nontreated ---   0   0   8.8 a Flumioxazin + pyroxasulfone --- 2  81 h  -   3.2 abc S-metolachlor + isoxaflutole + 
metribuzin --- 3  92 a-f  -   1.5 c-f 
Dicamba + acetochlor --- 1  71 i  -   6.3 ab  S-metolachlor + mesotrione + 
metribuzin --- 3  90 c-g  -   1.4 c-g 
S-metolachlor + fomesafen + 
metribuzin --- 3  87 fgh  -   3.3 abc 
Flumioxazin + pyroxasulfone S-metolachlor + glyphosate 3 EPOST 99 a  98 a-d  0.0 gh 
Flumioxazin + pyroxasulfone S-metolachlor + glyphosate + dicamba 3 EPOST 99 a  98 ab  0.1 fgh 
Dicamba + acetochlor S-metolachlor + glyphosate + dicamba 3 EPOST 99 a  98 a-d  0.0 gh 
Flumioxazin + pyroxasulfone S-metolachlor + glufosinate 3 EPOST 98 ab  96 a-d  0.1 fgh 
Flumioxazin + pyroxasulfone S-metolachlor + glyphosate + 2,4-D 3 EPOST 97 abc  96 a-d  0.1 fgh 
Flumioxazin + pyroxasulfone S-metolachlor + glyphosate + 2,4-D + glufosinate 4 EPOST 98 abc  97 a-d  0.1 fgh 
S-metolachlor + isoxaflutole + 
metribuzin Glyphosate + fomesafen 5 EPOST 96 a-d  94 c-e  0.2 e-h 
 S-metolachlor + mesotrione + 
metribuzin Glyphosate + fomesafen 5 EPOST 99 a  98 a-c  0.1 fgh 
S-metolachlor + fomesafen + 
metribuzin 
S-metolachlor + glyphosate 
+ mesotrione 5 EPOST 99 a  98 a-d  0.0 gh 
S-metolachlor + fomesafen + 
metribuzin 
S-metolachlor + glyphosate 
+ mesotrione + dicamba 5 EPOST 99 a  98 a-d  0.0 h 
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  Table 4 cont.            
Flumioxazin + pyroxasulfone S-metolachlor + glyphosate 3 LPOST 89 d-h  97 a-d  1.6 cde 
Flumioxazin + pyroxasulfone S-metolachlor + glyphosate + dicamba 3 LPOST 83 gh  97 a-d  2.2 bcd 
Dicamba + acetochlor S-metolachlor + glyphosate + dicamba 3 LPOST 71 i  97 a-d  1.8 cd 
Flumioxazin + pyroxasulfone S-metolachlor + glufosinate 3 LPOST 85 fgh  91 e  2.1 cd 
Flumioxazin + pyroxasulfone S-metolachlor + glyphosate + 2,4-D 3 LPOST 87 e-h  94 de  1.5 c-f 
Flumioxazin + pyroxasulfone S-metolachlor + glyphosate + 2,4-D + glufosinate 4 LPOST 81 h  91 e  2.7 bc 
S-metolachlor + isoxaflutole + 
metribuzin Glyphosate + fomesafen 5 LPOST 90 b-g  95 b-d  2.1 cd 
 S-metolachlor + mesotrione + 
metribuzin Glyphosate + fomesafen 5 LPOST 86 fgh  96 a-d  2.0 cd 
S-metolachlor + fomesafen + 
metribuzin 
S-metolachlor + glyphosate 
+ mesotrione 5 LPOST 91 a-f  99 ab  1.5 c-f 
S-metolachlor + fomesafen + 
metribuzin 
S-metolachlor + glyphosate 
+ mesotrione + dicamba 5 LPOST 95 a-e  100 a  0.4 d-h 
Contrast EPOST v. LPOST      <0.0001  <0.0001 
 Current v. future technologies      NS  NS 
 2,4-D vs. dicamba technologies      NS  NS 
 Auxins v. HPPD EPOST      NS  NS 
 Auxins v. HPPD LPOST      NS  NS 
a Abbreviations: WA, weeks after; EPOST, early-postemergence; LPOST, late-postemergence; SOA, number of effective sites of 
action within each herbicide program 
b Means within a column followed by the same lowercase letter are not different based on Fisher’s protected LSD 
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  Table 5. Pitted morningglory treatment means for percent control and density followed by orthogonal contrasts for the PRE-only  
trial a,b 
  
Control Count 
Herbicide Rate 4 WAP 
 
7 WAP 7 WAP 
 g ai ha
-1 or g ae ha-1 ---------------%--------------- plants m-2 
Dicamba 560 64 i  0  1.5 a 
Dicamba 1120 82 d-h  0  1.4 ab 
S-metolachlor 1068 70 hi  7 h 1.3 abc 
S-metolachlor + metribuzin 420 74 ghi  35 g 1.2 a-d 
Dicamba + S-metolachlor 1120 + 1068 91 a-d  48 c-f 0.7 c-g 
Dicamba + metribuzin 1120 + 420 93 a-d  50 c-f 0.7 b-g Dicamba + S-metolachlor + 
metribuzin 1120 + 1068 + 420 97 abc  59 bc 0.3 g 
2,4-D 532 76 fgh  0  0.6 d-g 
2,4-D 1065 79 e-h  0  1.1 a-f 
2,4-D + S-metolachlor  1065 + 1068 83 d-g  40 fg 1.3 a-d 
2,4-D + metribuzin 1065 + 420 89 a-e  43 efg 1.2 a-e 2,4-D + S-metolachlor + 
metribuzin 1065 + 1068 + 420 94 a-d  55 b-e 0.6 efg 
Isoxaflutole 105 86 b-g  45 d-g 0.5 fg 
Isoxaflutole + S-metolachlor 105 + 1068 85 c-g  47 c-g 0.8 a-g 
Isoxaflutole + metribuzin 105 + 420 99 a  56 bcd 0.3 g Isoxaflutole + S-metolachlor + 
metribuzin 105 + 1068 + 420 99 a  73 a 0.4 g 
Pyroxasulfone 179 88 a-f  49 c-f 0.5 g 
Flumioxazin + pyroxasulfone 70 + 89 97 ab  63 ab 0.6 efg 
S-metolachlor + mesotrione 1872 + 185 97 abc  66 ab 0.7 e-g 
Nontreated  0   0  1.3 a-d 
Contrast Current v. future technologies <0.0001  <0.0001 NS 
 2,4-D v. dicamba technologies 0.0002  NS 0.0099 
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  Table 5 cont.      
 Auxins v. HPPD  NS  0.0003 0.0478 
a Abbreviation: WAP, weeks after preemergence application 
b Means within a column followed by the same lowercase letter are not different based on Fisher’s protected LSD 
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  Table 6. Prickly sida treatment means for percent control and density followed by orthogonal contrasts for the PRE-only trial a, b 
  
Control Count 
Herbicide Rate 4 WAP 
 
7 WAP 7 WAP 
 g ai ha-1 or g ae ha-1 ---------------%--------------- plants m-2 
Dicamba 560 47 f  10 h 1.5 b-g 
Dicamba 1120 81 de  11 h 2.2 a-f 
S-metolachlor 1068 84 cd  38 fg 3.2 ab 
S-metolachlor + metribuzin 420 85 bcd  38 fg 4.0 a 
Dicamba + S-metolachlor 1120 + 1068 93 abc  53 b-f 1.7 b-g 
Dicamba + metribuzin 1120 + 420 97 a  49 d-g 2.8 a-d Dicamba + S-metolachlor + 
metribuzin 1120 + 1068 + 420 99 a  66 a-d 1.9 b-g 
2,4-D 532 73 e  25 h 0.9 fg 
2,4-D 1065 84 cd  27 h 3.0 abc 
2,4-D + S-metolachlor  1065 + 1068 94 ab  54 b-f 2.8 a-d 
2,4-D + metribuzin 1065 + 420 94 ab  48 efg 2.0 a-f 2,4-D + S-metolachlor + 
metribuzin 1065 + 1068 + 420 99 a  59 a-e 1.0 efg 
Isoxaflutole 105 92 abc  50 c-g 1.2 efg 
Isoxaflutole + S-metolachlor 105 + 1068 100 a  64 a-e 1.3 d-g 
Isoxaflutole + metribuzin 105 + 420 100 a  71 ab 1.1 efg Isoxaflutole + S-metolachlor + 
metribuzin 105 + 1068 + 420 100 a  71 ab 0.7 g 
Pyroxasulfone 179 99 a  63 a-e 1.4 c-g 
Flumioxazin + pyroxasulfone 70 + 89 99 a  77 a 1.5 c-g 
S-metolachlor + mesotrione 1872 + 185 96 a  68 abc 2.2 a-e 
Nontreated  0   0  3.9 a 
Contrast Current v. future technologies 0.0002  NS 0.0329 
 2,4-D v. dicamba technologies NS  NS NS 
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  Table 6 cont.      
 Auxins v. HPPD  NS  <0.0001 0.0382 
a Abbreviations: WAP, weeks after preemergence application 
b Means within a column followed by the same lowercase letter are not different  
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  Table 7. Barnyardgrass treatment means for percent control and density followed by orthogonal contrasts for the PRE-only trial a, b 
  
Control Count 
Herbicide Rate 4 WAP 
 
7 WAP 7 WAP 
 g ai ha
-1 or g ae ha-1 ---------------%--------------- plants m-2 
Dicamba 560 19 c  0  10.1 a 
Dicamba 1120 46 b  0  8.6 a 
S-metolachlor 1068 95 a  88 a-e 3.0 ghi 
S-metolachlor + metribuzin 420 91 a  86 b-e 5.4 bcd 
Dicamba + S-metolachlor 1120 + 1068 97 a  80 ef 3.3 ghi 
Dicamba + metribuzin 1120 + 420 95 a  59 g 8.2 ab Dicamba + S-metolachlor + 
metribuzin 1120 + 1068 + 420 100 a  91 abc 2.6 hi 
2,4-D 532 20 c  0  10.0 a 
2,4-D 1065 29 c  0  7.1 abc 
2,4-D + S-metolachlor  1065 + 1068 97 a  81 def 3.5 e-h 
2,4-D + metribuzin 1065 + 420 95 a  36 h 3.1 ghi 2,4-D + S-metolachlor + 
metribuzin 1065 + 1068 + 420 97 a  83 c-f 5.1 cde 
Isoxaflutole 105 99 a  75 f 5.0 c-f 
Isoxaflutole + S-metolachlor 105 + 1068 99 a  94 ab 2.5 i 
Isoxaflutole + metribuzin 105 + 420 100 a  91 abc 4.0 d-g 
Isoxaflutole + S-metolachlor + 
metribuzin 105 + 1068 + 420 100 a  95 a 2.7 hi 
Pyroxasulfone 179 98 a  86 a-e 3.4 f-i 
Flumioxazin + pyroxasulfone 70 + 89 98 a  79 ef 3.1 ghi 
S-metolachlor + mesotrione 1872 + 185 95 a  90 a-d 3.1 ghi 
Nontreated  0   0  9.7 a 
Contrast Current v. future technologies NS  0.0074 NS 
 2,4-D v. dicamba technologies NS  0.0004 NS 
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  Table 7 cont.      
 Auxins v. HPPD  NS  <0.0001 0.0013 
a Abbreviations: WAP, weeks after preemergence application 
b Means within a column followed by the same lowercase letter are not different  
110 
	  111 
 
Figure 1. Rainfall data for 2013 and 2014 in Keiser, Arkansas each week after the PRE 
application 
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Chapter 5 
Influence of Droplet Size on Efficacy of the Formulated Products Engenia™, Roundup 
PowerMax, and Liberty 
 
Abstract 
As auxin-type, herbicide-resistant crops become commercially available, nozzle selection will 
become an increasingly important variable for maintaining efficacy of herbicide solutions while 
minimizing off-target movement. Field experiments were conducted in 2013 and 2014 in Keiser, 
Arkansas to evaluate interactions among the N, N-Bis-(aminopropyl) methylamine form of 
dicamba formulated as Engenia™, the potassium salt of glyphosate formulated as Roundup 
PowerMax®, and glufosinate formulated as Liberty® applied with three different nozzle types. 
Three TeeJet nozzles with a 11004 orifice [Turbo TeeJet (TT), Air Induction Extended Range 
[AIXR], and Turbo TeeJet Induction [TTI]) were used. To supplement the field data, droplet 
spectra for each nozzle and tank-mixture combination were also measured. For most herbicide 
treatments and nozzle combinations, Palmer amaranth control four weeks after treatment was 
greater than 95% both years. In 2013, TT nozzles provided 96% control of barnyardgrass and 
TTI nozzles provided 89% control, averaged across herbicides, except for Engenia alone. A 
similar effect of nozzle selection was observed in 2014. When treatments were applied to 20-cm 
tall barnyardgrass in 2014 (compared to 8-cm tall plants in 2013) an antagonistic effect was 
observed when Engenia was tank-mixed with Roundup PowerMax. Weed control data correlated 
with the droplet spectra analysis such that as volume median diameter (Dv50) increased from TT 
nozzles to the TTI nozzles, efficacy decreased for most tank-mixtures. Results from the droplet 
analysis showed that Dv50 relative to water decreased for Liberty alone and not when tank-mixed 
with Engenia or Roundup PowerMax. These results suggest that nozzle selection will play a key 
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role in maximizing efficacy of POST applications in dicamba-resistant crops. Additionally, 
evaluating droplet spectra of potential dicamba-containing tank-mixtures is critical for producing 
desired droplet size to minimize off-target movement. 
 
Nomenclature: dicamba; glufosinate; glyphosate; barnyardgrass, Echinochloa crus-galli (L.) 
Beauv.; Palmer amaranth, Amaranthus palmeri S. Wats.  
Key words: Antagonism, dicamba, glufosinate, glyphosate, nozzle selection, weed control 
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Introduction 
Managing droplet size in auxin-type, herbicide-resistant (HR) crops is a critical 
component of minimizing off-target movement. Nozzle selection requirements will likely be on 
new herbicide labels registered for use in BollGard II® XtendFlexTM cotton (Gossypium hirsutum 
L.). These cotton cultivars will have stacked HR traits granting resistance to applications of 
dicamba, glyphosate, and glufosinate. 
Droplets in a spray pattern vary in size and are characterized by the volume median 
diameter (Dv50) of the droplet spectra, the median diameter where half of the spray volume is 
contained in droplets smaller than the median. Another important parameter for describing a 
droplet spectrum is the percentage of the volume of the droplet spectrum with a diameter less 
than a specific droplet size, also known as the percent driftable fines. Percent driftable fines are 
regarded by the agricultural industry as droplets with a diameter less than a specific value that 
typically ranges from less than 100 to 150 µm (Jones et al. 2007; Nuyttens et al. 2007b). For the 
purpose of this paper, percent driftable fines are reported as having a diameter <141 µm. 
Driftable fine droplets are most prone to drift as a result of the droplet or herbicide molecule 
staying suspended in the atmosphere longer than larger droplets and having less mass. These 
fines are often accelerated more by lateral air movement than by the vertical force of gravity 
(Nuyttens et al. 2007a).  
Typically, nozzle manufacturers recommend smaller droplet sizes for application of non-
systemic (contact) herbicides because adequate coverage is important for achieving adequate 
control. Etheridge et al. (2001) reported decreased control of broadleaf signalgrass [Urochloa 
platyphylla, (Nash) R. D. Webster] and common cocklebur (Xanthium strumarium L.) with 
glufosinate and paraquat as droplet size increased with the use of air-induction (AI) nozzles 
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compared to standard flat-fan nozzles. Furthermore, paraquat toxicity decreased with increasing 
Dv50 on common sunflower (Helianthus annuus L.) (McKinlay et al. 1974)  and wild oat (Avena 
fatua L.), but not on wild radish (Raphanus raphanistrum L.) (Lake 1977). 
The effect of Dv50 on systemic herbicide efficacy is not well characterized like for contact 
herbicides. Glyphosate was also included in the study by Etheridge et al. (2001), but Dv50 did not 
influence the efficacy of glyphosate for most nozzle and spray volume combinations for the 
ranges compared (Dv50 values from 175 to 650 µm, and spray volumes from 50 to 100 L ha-1). 
Additionally, translocation studies by Feng et al. (2003) showed that larger droplet sizes from AI 
nozzles (Dv50=490 µm) increased glyphosate absorption in glyphosate-resistant corn compared to 
flat-fan nozzles (Dv50=180 µm). Feng et al. (2003) hypothesized that larger droplet sizes increase 
the area of the cuticle that is disrupted, providing a larger, more direct path for herbicide uptake. 
Prior research has also produced conflicting results for Dv50 and efficacy interactions of 
auxinic herbicides such as 2,4-D. On common sunflower, 2,4-D toxicity was drastically reduced 
with increasing Dv50 (McKinlay et al. 1972). Smith (1946) reported increased effectiveness of 
2,4-D with larger droplets on kidney bean (Phaseolus vulgaris L.). However, Ennis and 
Williamson (1963) reported that smaller droplets increased efficacy of various synthetic auxins 
on soybean [Glycine max (L.) Merr.], flax (Linum usitatissimum L.), and sugarbeet (Beta 
vulgaris L.). When Behrens (1957) utilized oil carriers to eliminate potential absorption 
differences between droplet sizes and applied an equal number of droplets per area, droplet size 
had little effect on injury of 2,4,5-T on mesquite (Prosopis spp.). 
The conflicting results of the aforementioned studies could be partially be attributed to 
the array of species used to investigate the effect of droplet size on efficacy of glyphosate and 
synthetic auxins. Differences between species such as leaf orientation, cuticle thickness, number 
	  116 
of leaf hairs and cuticle composition could have all influenced the conclusions regarding droplet 
size and efficacy. McKinlay et al. (1974) and Etheridge et al. (2001) reported that smaller droplet 
sizes increased the retention of the droplet more on upright, grass weeds compared to broadleaf 
weeds with horizontal structure. Norsworthy et al. (2001) determined that the ability of a droplet 
to spread on a leaf differs by species as a function of the leaf surface composition. This result 
helps to explain some of the variability in efficacy of a postemergence herbicide that occurs 
between species. The aforementioned studies also differed in spray volumes used and the droplet 
ranges compared. Based on these studies, the effect of droplet size on efficacy of glyphosate, 
glufosinate, and dicamba would be dependent on weed species. 
Physiochemical properties of the spray solution and the spray nozzle used for application 
are important factors that affect droplet size. Various adjuvants, such as those included in a 
formulated product or as a tank-mix partner, can dramatically affect the ability of the herbicide to 
penetrate the cuticle (Ryerse et al. 2004). Adjuvants also have varying effects on droplet size, 
deposition and spray coverage (Holloway 2000; Spanoghe et al. 2007). The effect of spray 
adjuvants on droplet deposition can also be influenced by differing leaf morphology between 
weed species (Smith et al. 2000). Furthermore, different formulations of the same active 
ingredient will not always produce similar droplet sizes when applied under the same conditions. 
Mueller and Womac (1997) reported a significant difference in Dv50 between three formulations 
of glyphosate products. Two of those products contained the same isopropylamine salt as the 
active ingredient and likely differed in Dv50 because of the adjuvant and adjuvant concentrations 
included as a component of the formulated product. As such, identification of the specific 
products being evaluated is critical for proper interpretation of results from droplet spectra 
analyses.  
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When more than one herbicide is applied together, interactions that may occur in mixture 
are typically described by the use of Colby’s method (Colby 1967). However, in situations where 
one herbicide has no activity on a given species, such as dicamba on barnyardgrass, Colby’s 
method cannot be used because the model relies upon herbicidal activity from both herbicides. 
Therefore, a significant decrease in herbicidal activity on a monocot weed from the mixture of 
dicamba and another herbicide that has activity (such as glyphosate) compared to that product 
alone can be considered an antagonistic interaction. Such methodology has been used in prior 
studies investigating the interactions between dicamba and glyphosate on various monocot 
species (Flint and Barrett 1989; O’Sullivan and O’Donovan 1980). 
O’Sullivan and O’Donovan (1980) made applications of glyphosate alone at a reduced 
rate (0.07 kg ha-1) with various rates of dicamba to wheat (Triticum aestivum L.), barley 
(Hordeum vulgare L.), and wild oat (Avena fatua L.) at the two-leaf stage; antagonism was 
observed on all three species, although not at all rate combinations for all species. Flint and 
Barrett (1989) also observed antagonism when glyphosate (0.28 and 0.56 kg ae ha-1) + dicamba 
(0.14-0.56 kg ae ha-1) was applied to four-leaf rhizomatous johnsongrass (Sorghum halepense L., 
approximately 30 cm in height), but not when glyphosate rates where increased to 0.84 kg ae ha-1 
and 1.12 kg ae ha-1. The results from the aforementioned studies suggest that the interaction 
between dicamba and glyphosate applied in applied in combination depends on herbicide rate, 
weed size, and species. The objective of this study was to understand how nozzle selection 
influences the weed control and droplet spectrum of dicamba as the product Engenia, glyphosate 
as Roundup PowerMax, and glufosinate as Liberty, alone and in all combinations containing 
Engenia. The hypotheses for these experiments are: the effect of droplet size on herbicide 
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efficacy is depedent upon the weed species investigated, and smaller droplets will increase 
herbicide efficacy. 
 
Materials and Methods 
 
 Field experiments were conducted in 2013 and 2014 at the Northeast Research and 
Extension Center in Keiser, Arkansas to evaluate effect of nozzle type on the efficacy of 
glufosinate, dicamba, and glyphosate applied alone or in tank-mixes on weed control. The 
experimental design was a randomized complete block factorial with four replications and two 
factors (nozzle type and herbicide solution). Plot sizes were 3.9 m by 15.2 m and established on a 
Sharkey clay (very fine, montmorillonitic, nonacid, thermic, Vertic Haplaquept) with 22% sand, 
25% silt, 53% clay, pH of 6.7, and 1.7% organic matter). Soil texture, pH, and organic matter 
information were obtained by analyzing soil samples collected from the experimental area to a 
depth of 10 cm. Soil analysis was conducted at the University of Arkansas Agricultrual 
Diagnositc Laboratory in Fayetteville, AR. 
Herbicide treatments included glufosinate (Liberty, Bayer CropScience LP, Research 
Triangle Park, NC) at 594 g ai ha-1, the N-(phosphonomethyl)glycine potassium salt of 
glyphosate (Roundup PowerMax, Monsanto Company, St. Louis, MO) at 867 g ae ha-1, the N, 
N-Bis-(aminopropyl) methylamine salt of dicamba  (Engenia, BASF Corporation, Research 
Triangle Park, NC) at 560 g ae ha-1, glufosinate + dicamba, glyphosate + dicamba, and 
glufosinate + glyphosate + dicamba. Herbicides were applied at the same rates when applied 
alone as when applied as a tank-mix, and a nontreated check was included for comparison. 
Additionally, 0.25% (v/v) of Induce (Helena Chemical Company, Collierville, TN), a nonionic 
surfactant (NIS), was added to all treatments containing dicamba unless glyphosate was included 
as a part of the tank-mixture because adjuvants were present in the glyphosate formulation used. 
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Any reference to dicamba alone refers to a solution of dicamba + NIS. TeeJet (TeeJet 
Technologies, Springfield, Illinois) 11004 Turbo TeeJet (TT), Air Induction Extended Range 
(AIXR), and Turbo TeeJet Induction (TTI) nozzles were used to apply each herbicide solution. 
TeeJet TT, AIXT, and TTI 11004 nozzles are designated by the manufacturer as having coarse, 
extremely-coarse, and ultra-coarse droplets at 276 KPA, respectively. Applications were made 
with a MudMaster multiboom sprayer (Bowman Manufacturing Co., Inc. Newport, Arkansas) 
calibrated to deliver 141 L ha-1 spray volume at 276 KPa at 14.5 km h-1 through nozzles spaced 
51 cm apart. 
Prior to planting, the experimental area was overseeded with Palmer amaranth, velvetleaf 
(Abutilon theophrasti Medik.), hemp sesbania [Sesbania herbacea (P. Mill.) McVaugh], and 
prickly sida (Sida spinosa L.). Glyphosate-resistant corn (Zea mays L.) was planted in 97-cm 
wide rows to simulate the effect of a typical crop canopy on herbicide application. A SmartStax® 
hybrid was used both years because SmartStax® hybrids are commercially available and can 
tolerate POST applications of glufosinate, glyphosate, and dicamba. Planting and trial 
establishment occurred on June 26, 2013 and July 8, 2014.  
Treatments were applied to actively growing weeds (see Table 1 for a list of the densities 
and heights of the weed species present in the field experiment). In 2014, weed densities were 
comparable to 2013, except for Palmer amaranth (1 plant m-2) and barnyardgrass (15 plants m-2) 
and the heights were, on average, 10 to 15 cm taller. Prickly sida was present in 2014 only, with 
an average density of 7 plants m-2 and 8 to 12 cm height. Treatments were applied at 5:00 PM on 
July 16, 2013 and 9:00 AM on August 12, 2014. Air temperatures were 30 and 24 C and relative 
humidities were 54 and 80% in 2013 and 2014, respectively. 
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Weed control ratings were collected 2 and 4 weeks after treatment (WAT) for Palmer 
amaranth, velvetleaf, hemp sesbania, and barnyardgrass both years and prickly sida in 2014. 
Weed control was visually evaluated and rated 2 and 4 weeks after treatment (WAT) on a scale 
of 0 to 100% (0 being no control and 100 being complete death of all plants) relative to the 
nontreated check.  
The aboveground biomass of three barnyardgrass individuals that survived the herbicide 
application were collected per plot 4 WAT in both years, and in 2014, three prickly sida were 
also collected per plot. The weights of the three plants were averaged to give an average biomass 
in g plant-1. For most treatments, control was >90% for all species and if biomass were randomly 
collected on a meter square basis, there would be little or no biomass to collect in most plots. 
Hence, three barnyardgrass and prickly sida plants were selected at random from each plot for 
biomass measurements. Other species were not collected for biomass because visual control was 
> 90% for most treatments and did not differ greatly between treatments. 
Barnyardgrass biomass data were subjected to a natural log transformation to meet the 
assumptions for ANOVA. Log transformation improved the ANOVA model for barnyardgrass, 
but not for prickly sida. Therefore, analysis was conducted on the transformed values for 
barnyardgrass, and values were back-transformed for reporting and discussion.  
Droplet size spectra for each nozzle and herbicide combination were analyzed in a low-
speed wind tunnel at the University of Nebraska-Lincoln West Central Research and Extension 
Center in North Platte, NE. A Sympatec Helos Vario KR particle size analyzer (Sympatec GmbH, 
Clausthal-Zellerfeld, Germany) equipped with a R7 lens capable of detecting particle sizes in a 
range from 18 to 3500 µm was used to measure the particle size distribution via laser diffraction. 
The width of the nozzle plume was analyzed by moving the nozzle across the laser by means of a 
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linear actuator. Testing was performed in a low speed wind tunnel at 24 km hr-1 and the laser was 
positioned 30 cm from the tip of the nozzle.  The same spray solutions evaluated in the field 
experiments were evaluated through the same nozzles in the wind tunnel, and each treatment was 
replicated three times in accordance with American Society of Agricultural and Biological 
Engineers S572.1. Spray parameters that were of interest were the Dv10, Dv50 Dv90, relative span, 
and the percent fines. Dv10 is the diameter below which 10% of the liquid volume is atomized 
into smaller droplets. Dv50 and Dv90 are similar values for 50% and 90% of the volume, 
respectively. Dv50 is also commonly referred to as the volume median diameter. The driftable 
fines were classified as droplets with a diameter less than 141 µm (Jones et al. 2007; Nuyttens et 
al. 2007b) and are described as the percentage of the volume with droplets less than 141 µm. The 
relative span (RS) is a parameter of the spray plume that has no units and describes the range of 
droplet sizes of the plume using Equation 1. 𝑅𝑆 = (𝐷!!" −   𝐷!!")    𝐷!!"!!               (Equation 1) 
Data were analyzed in JMP Pro 11 using the MIXED procedure. In the field experiment, 
years were analyzed separately and replication was included as a random variable. In situations 
where data did not meet the equal variance and normality assumptions of ANOVA, individual 
treatment means and standard errors (SE) of the means are reported. For data that met the 
assumptions for ANOVA, means were separated using Fisher’s protected LSD (α = 0.05). The 
particle size analysis conducted in the laboratory was conducted using a completely randomized 
design and a Tukey adjustment (α = 0.05) was used to separate means. 
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Results and Discussion 
Dicamba is highly efficacious on velvetleaf, hemp sesbania, and Palmer amaranth, 
especially when applied on recommended weed sizes at recommended rates. As a result, many 
treatments provided a >90%   control of the aforementioned weeds. Except for velvetleaf in 2014, 
the data did not meet the equal variance and normal distributions assumptions for ANOVA and 
therefore were not subjected to a formal analysis. Hence, the data are presented as means 
followed by standard errors. 
Palmer Amaranth. All treatments controlled Palmer amaranth ≥ 90%, except for glyphosate 
alone applied with all three nozzles (Table 2). Glyphosate-resistant Palmer amaranth was present 
at the trial location and control ranged from 50 to 66% in both years with glyphosate alone. The 
Palmer amaranth population present at the trial location was likely not homogenous for the 
resistant trait as some efficacy was observed with glyphosate alone.  
For glufosinate alone in 2013, there was a general decrease in Palmer amaranth control as 
droplet size increased from the TT to the TTI nozzle (Table 2). As was expected, smaller 
droplets improved control of glufosinate alone. The same effect was not observed in 2014, and 
was likely due to the lower population (1 plant m-2) and improved conditions for efficacy (lower 
temperature, higher relative humidity, and 9:00 AM application time) (Coetzer et al. 2001; 
Culpepper et al. 2013; Sellers et al. 2003). For dicamba alone in 2014, an overall improvement of 
the weed control ratings was observed from 2 to 4 WAT. This improvement was due to the 
application occurring on larger weed sizes, and the larger weeds not showing complete death by 
2 WAT.  
Hemp Sesbania. All tank mixtures with dicamba provided >97% hemp sesbania control, with 
most treatments providing 100% control (Table 3). In certain situations, such as with glufosinate 
	  123 
in 2013 and glyphosate in 2014, it appeared that droplet size may have an impact on hemp 
sesbania efficacy, as shown by the decreasing means from the TT nozzle (coarse droplet) to the 
TTI nozzle (ultra-coarse droplet) (Table 3). 
Velvetleaf. For velvetleaf, the weed control data from 2014 was subjected to a formal analysis 
and the 2013 data were not, likely due to the larger sizes at application and a wider distribution 
in control in 2014. Control with glufosinate using the TT nozzle (coarse droplet) was better than 
control with the TTI nozzle (ultra-coarse droplet) at both 2 and 4 WAT in 2014 (Table 4), 
indicating that finer nozzles have improved control over coarser nozzles for glufosinate alone. 
The TT nozzle also provided greater control than the TTI nozzle for glyphosate alone and for 
dicamba + glyphosate + glufosinate. No differences were observed between nozzles for dicamba 
alone, dicamba + glyphosate, and dicamba + glufosinate. In 2013, dicamba alone had 8% greater 
control when applied with the TTI (99%) nozzle compared to the TT (91%) nozzle 4 WAT 
(Table 4). Although no definitive conclusion can be made (due to lack of formal analysis for the 
2013 data), this may suggest that at recommended weed sizes, larger droplets may improve 
efficacy for dicamba alone on velvetleaf, but not when applied in mixture with glufosinate or 
glyphosate. This result could be attributed to the unique leaf morphology of velvetleaf including 
large leaves, horizontal leaf structure, and barrier of trichomes that may help promote retention 
of large droplets (Grangeot et al. 2006; Smith 2000). 
Barnyardgrass.  In both years, only the main effects of nozzle type and herbicide were 
significant for barnyardgrass control; therefore, the means for each nozzle type main effect are 
averaged over herbicides and vice-versa. Both the TT and AIXR nozzles provided greater 
barnyardgrass control than the TTI nozzle in both years (Table 5). Hence, smaller droplets 
appear to improve barnyardgrass control with glufosinate and glyphosate alone and either of 
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these herbicides in combination with dicamba. In 2014, barnyardgrass control with glyphosate 
was 98% 4 WAT and was greater than control with glyphosate + dicamba (94%). Even though 
dicamba has no POST activity on monocot species, these results may lead to the conclusion that 
dicamba antagonizes glyphosate on this weed species which is similar to earlier research (Flint 
and Barrett 1989; O’Sullivan and O’Donovan 1980). The same antagonistic effect was not 
observed in 2013, which may be attributed to the smaller size of barnyardgrass at application.  
O’Sullivan and O’Donovan (1980) used a reduced rate of glyphosate (0.07 kg ha-1) to 
investigate the antagonism between glyphosate and dicamba. A reduced rate of glyphosate was 
used to prevent complete kill of the plants in the experimental plots. Even though treatments 
were applied to two-leaf monocot species, the reduced rate of glyphosate could theoretically 
mimic applying a labeled rate to a larger plant. Flint and Barrett (1989) made applications of 
glyphosate + dicamba to 30 cm tall rhizomatous johnsongrass, a relatively large plant. Prior 
research agrees with the result of this experiment that antagonism of glyphosate by dicamba 
occurs on larger weed sizes.  More research is needed to determine how weed size affects 
interactions between glyphosate and dicamba on other grasses. 
At the time samples were collected 4 WAT, biomass was smaller on a per-plant basis in 
2014 compared to 2013 due to increased competition in the nontreated checks and as well as in 
the dicamba-alone plots. In 2014, barnyardgrass density was about three times that observed in 
2013. Analysis of the biomass for both years produced a significant interaction between nozzle 
type and herbicide treatment. Measurements somewhat follow the trend in that few differences in 
control were observed among nozzles and that tank mixtures had improved control over the 
products alone (Table 5). However, biomass did not always correlate with the weed control 
ratings. Only plants that survived the herbicide application were sampled, potentially entering a 
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bias into the measurement. As control with tank mixtures was ≥89%, biomass measurements 
collected on a per plant basis were believed to be the best way to represent what occurred in the 
field despite the possibility of bias. Even though biomass is a useful measurement for evaluating 
efficacy of herbicides, in field situations, biomass is only one component of a weed control 
rating. 
Prickly Sida. Despite overseeding prior to planting, little prickly sida emergence was observed 
in 2013. As a result, data were not collected on prickly sida in the first year. In 2014, emergence 
was sufficient and data were collected. The difference in weed density between years could be 
attributed to different environmental conditions between years or the 2013 overseeding event 
could have bolstered the soil seedbank for 2014. The same prickly sida seedlot was used in both 
years and germination was adequate for use. During seed maturation, the seed coat of prickly 
sida seeds harden and become impermeable to water and is a major factor of seed dormancy the 
year after development (Egley and Paul 1976). Seed dormancy may have contributed to the lack 
of a rapid initial flush of germination in 2013 after overseeding, producing a low observed 
density. 
In general, nozzle selection did not play an important role in the control of prickly sida 
(Table 6). Both glyphosate and dicamba were not effective on prickly sida, especially at the 
weed sizes observed in 2014 (Table 1). As a result, control ranged from 70 to 79% for dicamba 
and 76 to 81% for glyphosate (Table 6). Glufosinate had improved control over dicamba and 
glyphosate with ratings ranging from 88 to 93%. For dicamba + glyphosate and dicamba + 
glyphosate + glufosinate, significant differences in control were observed between nozzles, with 
the TTI nozzle providing less control compared to the TT nozzle. 
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 Few differences in control were observed among nozzles and that tank mixtures had 
improved control over the products alone based on biomass measurements. As previously 
described with the barnyardgrass biomass, prickly sida biomass did not always correlate with the 
weed control ratings.  For example, no significant difference in biomass occurred between 
nozzles for dicamba + glufosinate + glyphosate. Even though biomass can be a useful tool for 
assessing weed control, it is only one component of a weed control rating. Biomass 
measurements can, but dftentimes do not take into account all of the weedy plants present within 
treated plots.  
Droplet Spectra Analysis. As previously established, different formulations of the same active 
ingredient will not affect the droplet size equally. Therefore in this section concerning the droplet 
spectra analysis, the herbicides will be referred to as their product names (for example, dicamba 
will be referred to as the product Engenia). 
The addition of a nonionic sufactanct (NIS) to any solution containing Engenia likely had 
an effect on droplet size, as any adjuvant added to the tank would likely affect the droplet 
spectrum (Miller and Butler Ellis 2000). Induce was used in this study because it is a common 
NIS product in Arkansas and labeled recommendations for Engenia will include an adjuvant 
such as NIS. Any class of adjuvants and even individual products will affect droplet size 
differently (Spanoghe et al. 2007); therefore, all potential products that could be tank-mixed with 
Engenia should be evaluated in a wind tunnel to determine its effect on the droplet spectrum. 
Furthermore, Creech et al. (2015) showed that spray solutions do not produce predictable droplet 
spectra when sprayed with different nozzles, implying testing all nozzle and tank-mix 
combinations is necessary to ensure the desired droplet size is obtained. 
	  127 
Within the same herbicide, the Dv50 among nozzles was different for all herbicides, 
except for Liberty alone (Table 7). In the case of Liberty, the TT and AIXR nozzles produced 
Dv50 values did not differ (346 µm and 389 µm, respectively), but were both different from the 
TTI nozzle (617 µm). Liberty also increased the percentage of the volume containing fine 
droplets (<141 µm) for all three nozzles and decreased the Dv50 for the AIXR and TTI nozzle 
compared to the same nozzle spraying water. However, the effect of increasing percent fines and 
decreasing droplet size was not observed when Liberty was mixed with Engenia. A small 
increase in percentage of the volume with droplets <141 µm was observed for Liberty + Engenia 
(3.82%) with the AIXR nozzle compared to water (2.22%), but still produced fewer fines than 
Liberty alone (7.36%).  
Engenia alone actually reduced the relative span compared to water, indicating that it is 
reducing the range of droplet sizes and tightened up the spectrum. However, when Engenia is 
applied in mixture with Liberty, Roundup PowerMax, or both herbicides, the relative span 
compared to Engenia alone significantly increased for the TT and AIXR nozzles, but not the TTI 
nozzle. With the exception of the relative span changing, Engenia alone produced droplet spectra 
similar to water for all three nozzles. The relative span changing, while the other parameters 
remain constant, indicates that Engenia alone is tightening the droplet spectrum by reducing the 
droplets exceeding the Dv90 for the TT and AIXR nozzle. 
These results demonstrate the interaction between herbicide products and nozzles 
depends on the specific nozzle and product combination, as well as the tank-mix. How products 
perform alone does not necessarily determine how those products will perform in mixture with 
other herbicides. Additionally, as reported by Mueller and Womac (1997), different formulations 
of the same active ingredient will not affect the droplet spectrum the same way, and it follows 
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that one formulation will perform differently than another formulation when mixed with a 
second herbicide. Therefore, it is paramount to evaluate as many combinations of nozzles and 
herbicide mixtures as possible in order to make appropriate recommendations to minimize off-
target movement and maximize efficacy of the herbicide application. 
In summary, as previously documented by Etheridge et al. (2001), smaller droplets had 
improved control over larger droplets for glufosinate alone on both monocot and dicot species. In 
this study, smaller droplets increased control of glufosinate alone on Palmer amaranth, hemp 
sesbania, velvetleaf, and barnyardgrass. Overall, these results support the notion that smaller 
droplets improve control for contact herbicides such as glufosinate when applied alone. Results 
for the effect of nozzle selection on efficacy of systemic herbicides were dependent upon the 
herbicide and species. This experiment compared nozzles with Dv50 values ranging from 349 to 
742 µm, at 141 L ha-1. 
Maximizing efficacy for one species does not mean efficacy is being maximized for 
another. Applications will differ across environments as well, where the most extreme cases 
related to glufosinate in high-temperature/low-humidity situations. Additionally, the results from 
this research support the hypothesis that the effect of droplet size on efficacy for a given 
herbicide solution is dependent upon the species (Etheridge et al. 2001; McKinlay et al. 1974; 
Norsworthy et al. 2001). For example, weed control was not different among nozzles with most 
herbicides for control of prickly sida; however, the main effect of nozzle was significant for 
control of barnyardgrass with smaller droplets providing better control than larger droplets.  
Unfortunately, nozzle selection does not solely affect the efficacy of the application. For 
dicamba applications, nozzles selection requirements will primarily be based upon their ability to 
minimize drift (have a high Dv50 and low percent fines). Therefore, it is unlikely that applicators 
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will be able to select nozzles such as the TT nozzle over the TTI nozzle. Even though the AIXR 
nozzle did not show improvement in control over the TTI nozzle for all herbicides and weeds 
tested, these data suggest that a better weed management strategy would be to select a nozzle that 
has both acceptable drift potential and can maximize the efficacy of the application. 
Factors that influence efficacy of herbicide applications are ultimately considerations for 
herbicide-resistance management. Anything that reduces the effective dosage of the herbicide 
that reaches its target site in the plant, whether it be applying to large weeds or altering droplet 
size, increases the likelihood of evolving herbicide resistance (Norsworthy et al. 2012). In an 
environment where herbicide resistance is becoming a common management issue, proper 
application of herbicides utilizing application technology is important, along with using a 
program approach (PRE + POST), and utilizing multiple mechanisms of action. 
The application and uptake of herbicides from the applicator to the target cell that 
ultimately results in the observed efficacy of the herbicide is a complicated process that can 
quickly become convoluted with the addition of more variables such as a tank mixture. Adding a 
second herbicide into a solution affects everything from the formation of the droplets to how the 
plant responds to the application. Adjuvants, both those contained in the formulated product and 
added as a tank-mix partner, will similarly affect droplet size (Spanoghe et al. 2007), influence 
efficacy (Ryerse et al. 2004), and act differently across species (Grangeot et al. 2006; Smith 
2000). As such, predicting what may occur or explaining what has occurred as the result of a 
herbicide application does not follow set patterns. Results will also depend upon the species 
being investigated and the weather conditions at the time of application and after the application. 
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Table 1. Height and density of weed species present in the field experiment in 2013 and 2014. 
 
2013  2014 
Weed species Density Height  Density Height 
 plants m
-2 ---cm---  plants m-2 ---cm--- 
Palmer amaranth 8 5-10  1 15-25 
Hemp sesbania 10 5-10  10 20-25 
Velvetleaf 7 5-10  7 15-20 
Barnyardgrass 5 8  15 15-20 
Prickly sida - -  7 8-12 
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Table 2. Postemergence Palmer amaranth control 2 and 4 weeks after treatment (WAT) as influenced by the interaction of herbicide 
treatment and nozzle selection in 2013 and 2014. 
   Control 
   2013   2014 
Treatments Rate Nozzle 2 WAT 4 WAT   2 WAT 4 WAT 
 g ai ha
-1  % SE
b % SE  % SE % SE 
Glufosinateb 594 
TTf 98 1 96 2  100 0 100 0 AIXRg 99 1 96 1  97 2 99 1 TTIh 94 2 91 2  100 0 99 1 
            
Dicambac 560e 
TT 99 1 98 1  93 1 98 2 AIXR 100 0 99 0  93 1 99 1 TTI 97 1 98 1  93 1 100 0 
            
Glyphosated 867e 
TT 59 1 58 1  61 2 59 1 AIXR 56 1 63 1  66 2 51 2 TTI 63 1 61 1  58 1 50 2 
            
Dicamba + 
glufosinate 560
e + 594 
TT 100 0 99 0  98 1 100 0 AIXR 99 1 99 0  100 0 100 0 TTI 100 0 100 0  99 1 99 1 
            
Dicamba + 
glyphosate 560
e + 867e 
TT 100 0 100 0  96 3 96 2 AIXR 100 0 100 0  95 2 97 2 TTI 100 0 99 0  90 4 94 1 
            Dicamba + 
glufosinate + 
glyphosate 
560e+ 594 + 867e 
TT 100 0 100 0  100 0 100 0 
AIXR 100 0 100 0  100 0 100 0 
TTI 100 0 100 0   100 0 100 0 
a Means followed by the standard error (SE) of the mean. 
b All treatments containing glufosinate utilized the product Liberty 
c All treatments containing dicamba utilized the product Engenia 
d All treatments containing glyphosate utilized the product Roundup PowerMax 
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e Rate is in g acid equivalent (ae) ha-1 
f Refers to the TeeJet Turbo TeeJet (TT) 11004 nozzle 
g Refers to the TeeJet Air Induction Extended Range (AIXR) 11004 nozzle 
h Refers to the TeeJet Turbo TeeJet Induction (TTI) 11004 nozzle 
  
	  Table 3. Postemergence hemp sesbania control 2 and 4 weeks after treatment (WAT) as influenced by the interaction of herbicide 
treatment and nozzle selection in 2013 and 2014. 
   Control 
   2013   2014 
Treatments Rate Nozzle 2 WAT 4 WAT   2 WAT 4 WAT 
 g ai ha
-1  % SE % SE  % SE % SE 
Glufosinateb 594 
TTf 94 2 93 1  100 0 100 0 
AIXRg 96 1 93 1  100 0 100 0 
TTIh 92 1 88 1  100 0 99 1 
            
Dicambac 560e 
TT 91 1 94 1  84 2 83 2 
AIXR 96 2 97 1  90 2 93 2 
TTI 96 1 98 1  84 2 85 2 
            
Glyphosated 867e 
TT 71 3 77 3  93 3 96 1 
AIXR 73 1 75 1  91 2 93 1 
TTI 68 1 73 1  88 2 81 1 
            
Dicamba + 
glufosinate 560
e + 594 
TT 100 0 98 1  100 0 100 0 
AIXR 100 0 99 0  99 1 100 0 
TTI 97 1 97 1  100 0 100 0 
            
Dicamba + 
glyphosate 560
e + 867e 
TT 100 0 99 0  100 0 100 0 
AIXR 100 0 98 1  100 1 99 1 
TTI 98 1 98 1  100 0 98 1 
            Dicamba + 
glufosinate 
+ 
glyphosate 
560e+ 594 + 
867e 
TT 100 0 99 1  100 0 100 0 
AIXR 100 0 100 0  100 0 100 0 
TTI 100 0 97 1   99 1 100 0 
a Means followed by the standard error (SE) of the mean. 
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  b All treatments containing glufosinate utilized the product Liberty 
c All treatments containing dicamba utilized the product Engenia 
d All treatments containing glyphosate utilized the product Roundup PowerMax 
e Rate is in g acid equivalent (ae) ha-1 
f Refers to the TeeJet Turbo TeeJet (TT) 11004 nozzle 
g Refers to the TeeJet Air Induction Extended Range (AIXR) 11004 nozzle 
h Refers to the TeeJet Turbo TeeJet Induction (TTI) 11004 nozzle 
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Table 4. Postemergence velvetleaf control 2 and 4 weeks after treatment (WAT) as influenced by the interaction of herbicide treatment 
and nozzle selection in 2013 and 2014.  
   Visual controla 
   2013  2014 
Treatments Rate Nozzle 2 WAT 4 WAT  2 WAT 4 WAT 
 g ai ha-1  % SEb % SE  --------------%------------- 
Glufosinatec 594 
TTg 93 1 91 2   96 abc 93 de 
AIXRh 94 1 93 1   92 cde 85 fgh 
TTIi 91 1 91 1   91 de 88 fg 
                     
Dicambad 560f 
TT 84 1 91 1   76 h 78 ij 
AIXR 86 1 96 1   76 h 81 hi 
TTI 91 1 99 0   80 h 74 j 
                     
Glyphosatee 867f 
TT 99 1 97 1   86 fg 84 gh 
AIXR 93 1 95 3   85 g 81 hi 
TTI 94 1 93 1   76 h 78 ij 
                     
Dicamba + glufosinate 560f + 594 
TT 100 0 99 0   94 bcd 94 bcd 
AIXR 96 1 94 1   98 ab 98 abc 
TTI 98 1 95 2   94 bcd 89 ef 
                     
Dicamba + glyphosate 560f + 867f 
TT 100 0 99 0   93 cd 89 ef 
AIXR 96 1 97 1   88 efg 89 ef 
TTI 98 1 96 1   90 def 86 fg 
                     
Dicamba + glufosinate + 
glyphosate 
560f + 594 + 
867f 
TT 100 0 100 0   98 ab 99 ab 
AIXR 100 0 100 0   99 a 100 a 
TTI 98 1 97 2   93 cd 93 cde 
a Means followed by the same letter within a column are not statistically different according to Fisher’s protected LSD (α = 0.05). 
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  b Timings that did not meet the assumptions of ANOVA are reported as means followed by the standard error (SE) of the mean. 
c All treatments containing glufosinate utilized the product Liberty 
d All treatments containing dicamba utilized the product Engenia 
e All treatments containing glyphosate utilized the product Roundup PowerMax 
f Rate is in g acid equivalent (ae) ha-1. 
g Refers to the TeeJet Turbo TeeJet (TT) 11004 nozzle 
h Refers to the TeeJet Air Induction Extended Range (AIXR) 11004 nozzle 
i Refers to the TeeJet Turbo TeeJet Induction (TTI) 11004 nozzle 
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  Table 5. Postemergence barnyardgrass control 2 and 4 weeks after treatment (WAT) and aboveground biomass as influenced by 
herbicide treatment and nozzle selection in 2013 and 2014. 
      2013  2014 
      Visual controla     Visual control  Treatments Rate Nozzle 2 WAT 4 WAT Biomass  2 WAT 4 WAT Biomass 
 g ai ha
-1  --------------%------------- g plant
-1   --------------%------------ g plant-1 
Glufosinateb 594 
TTf 
95i  ab 89 b 
0.67 de   
97 a 96 bc 
0.51 g 
AIXRg 0.39 ef   0.97 c-f 
TTIh 1.89 bc   1.31 c 
                             
Dicambac 560e 
TT 
0   0   
13.33 a   
0   0   
5.94 a 
AIXR 11.65 a   5.19 a 
TTI 9.57 a   5.74 a 
                             Glyphosated 867e TT 94  bc 94 a 0.21 fg   97 a 98 a 2.05 b 
AIXR 0.21 fg   0.70 fg 
TTI 1.42 bc   1.21 cd 
                             
Dicamba + 
glufosinate 560
e + 594 
TT 
93  c 89 b 
0.67 de   
96 a 94 c 
1.14 cde 
AIXR 1.94 bc   0.82 ef 
TTI 2.82 b   1.15 cde 
                             
Dicamba + 
glyphosate 560
e + 867e 
TT 
97  a 94 a 
0.10 hi   
92 b 94 c 
1.96 b 
AIXR 0.13 ghi   1.90 b 
TTI 0.17 gh   1.34 c 
                             Dicamba + 
glufosinate + 
glyphosate 
560e + 594 
+ 867e 
TT 
97  a 94 a 
0.09 hi   
97 a 97 ab 
1.31 c 
AIXR 0.07 i   0.79 f 
TTI 0.97 cd   0.86 def 
                              
 Nozzlei  TT 99  a 96 a -    97 a 97 a -  
   AIXR 97 b 94 a -    96 a 96 a -  
   TTI 91 c 87 b -    94 b 94 b -  
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  a Means followed by the same letter within a column are not statistically different according to Fisher’s protected LSD (α = 0.05) 
b All treatments containing glufosinate utilized the product Liberty 
c All treatments containing dicamba utilized the product Engenia 
d All treatments containing glyphosate utilized the product Roundup PowerMax 
e Rate is in g acid equivalent (ae) ha-1 
f Refers to the TeeJet Turbo TeeJet (TT) 11004 nozzle 
g Refers to the TeeJet Air Induction Extended Range (AIXR) 11004 nozzle 
h Refers to the TeeJet Turbo TeeJet Induction (TTI) 11004 nozzle 
i Control values are for the main effect of herbicide, averaged across nozzle type 
j Control values are for the main effect of nozzle type, averaged across herbicide 
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  Table 6. Postemergence prickly sida control 2 and 4 weeks after treatment (WAT) and aboveground biomass as influenced by the 
interaction of herbicide treatment and nozzle selection in 2014. 
      Visual controla   
Treatments Rate Nozzle 2 WAT 4 WAT  Biomass 
 g ai ha
-1  --------------------%-------------------- g plant
-1 
Glufosinateb 594 
TTf 90 bc 93 ab 0.84 cd 
AIXRg 92 b 90 bc 0.30 g 
TTIh 88 c 88 cd 0.69 de 
               
Dicambac 560f 
TT 71 h 70 h 1.05 bc 
AIXR 76 fg 79 fg 1.36 a 
TTI 71 h 70 h 1.20 ab 
              
Glyphosated 867e 
TT 81 e 78 fg 1.08 abc 
AIXR 76 fg 81 ef 0.89 cd 
TTI 79 ef 80 ef 0.64 def 
               
Dicamba + glufosinate 560e + 594 
TT 86 cd 90 bc 0.71 de 
AIXR 93 b 93 ab 0.44 efg 
TTI 90 bc 84 de 1.07 abc 
               
Dicamba + glyphosate 560e + 867e 
TT 83 de 75 g 1.01 bc 
AIXR 74 gh 61 i 0.70 de 
TTI 74 gh 69 h 0.71 de 
               
Dicamba + glufosinate + 
glyphosate 
560e + 594 + 
867e 
TT 98 a 96 a 0.38 fg 
AIXR 98 a 95 a 0.28 g 
TTI 93 b 88 cd 0.34 g 
a Means followed by the same letter within a column are not statistically different according to Fisher’s protected LSD (α = 0.05) 
b All treatments containing glufosinate utilized the product Liberty 
c All treatments containing dicamba utilized the product Engenia 
d All treatments containing glyphosate utilized the product Roundup PowerMax 
e Rate is in g acid equivalent (ae) ha-1 
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  f Refers to the TeeJet Turbo TeeJet (TT) 11004 nozzle 
g Refers to the TeeJet Air Induction Extended Range (AIXR) 11004 nozzle 
h Refers to the TeeJet Turbo TeeJet Induction (TTI) 11004 nozzle 
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  Table 7. Spray characteristics of nozzle and herbicide combinations including Dv10, Dv50, Dv90, relative span, and percentage of the 
volume containing droplets with diameters less than 141 µm. 
      Droplet spectra parameters 
Treatments Rate Nozzle Dv10 Dv50 Dv90 Relative spani <141 µm 
 g ai ha
-1   ------------------µm------------------ - %vol 
Water 
 TTf 157 f 359 fg 669 fg 1.43 cd 7.44 bcd 
- AIXRg 240 d 482 de 765 def 1.09 hij 2.22 g 
 TTIh 365 b 742 b 1108 b 1.00 k 0.41 i 
                      
Glufosinateb 594 
TT 137 g 346 fg 720 ef 1.68 a 10.71 a 
AIXR 162 f 389 f 688 ef 1.35 d 7.36 cd 
TTI 291 c 617 c 938 c 1.04 ijk 1.54 h 
                       
Dicambac 560f 
TT 159 f 340 g 575 g 1.23 ef 7.14 de 
AIXR 237 d 483 de 760 def 1.08 hijk 2.26 g 
TTI 374 b 756 b 1193 ab 1.08 hijk 0.39 i 
                       
Glyphosated 867e 
TT 154 fg 378 fg 717 ef 1.48 bc 7.49 bcd 
AIXR 214 e 465 e 771 def 1.20 efg 3.40 f 
TTI 361 b 788 b 1255 a 1.12 ghi 0.37 i 
                       
Dicamba + glufosinate 560e + 594 
TT 157 f 385 f 724 ef 1.47 bc 7.67 bc 
AIXR 207 e 468 e 794 de 1.26 e 3.82 f 
TTI 370 b 781 b 1248 a 1.12 gh 0.41 i 
              
        
Dicamba + glyphosate 560e + 867e 
TT 158 f 373 fg 724 ef 1.53 b 8.03 b 
AIXR 215 e 461 e 762 def 1.19 efg 3.44 f 
TTI 376 b 764 b 1225 ab 1.13 gh 0.44 i 
                       
Dicamba + glufosinate + 
glyphosate 
560e + 594 + 
867e 
TT 166 f 402 f 748 def 1.45 bc 6.63 e 
AIXR 240 d 530 d 858 cd 1.17 fgh 2.43 g 
TTI 425 a 877 a 1316 a 1.01 jk 0.24 i 
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  a Means followed by the same letter within a column are not statistically different according to Fisher’s protected LSD with a Tukey 
adjustment (α = 0.05) 
b All treatments containing glufosinate utilized the product Liberty 
c All treatments containing dicamba utilized the product Engenia 
d All treatments containing glyphosate utilized the product Roundup PowerMax 
e Rate is in g acid equivalent (ae) ha-1 
f Refers to the TeeJet Turbo TeeJet (TT) 11004 nozzle 
g Refers to the TeeJet Air Induction Extended Range (AIXR) 11004 nozzle 
h Refers to the TeeJet Turbo TeeJet Induction (TTI) 11004 nozzle 
iRelative span is a unitless index of the range of droplet sizes in the spectrum 
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Chapter 6 
 
Effect of Nozzle Selection and Groundspeed on Efficacy of Liberty and Engenia 
Applications and its Implication on Commercial Field Applications 
Abstract 
Sprayer applicator-controlled variables, such as nozzle selection and groundspeed, will become 
increasingly important for making labeled POST applications of dicamba in next-generation 
cropping systems. Typically, nozzle orifice sizes and groundspeeds differ greatly between small-
plot research application, from which efficacy recommendations are made, and commercial field 
applications. However, little research has been conducted to actually compare applications made 
with backpack sprayers and tractor sprayers. Thus, a field experiment was conducted in 2013 and 
2014 at the Northeast Research and Extension Center in Keiser, Arkansas. Tank mixtures of 
Engenia™ (N, N-Bis-(aminopropyl) methylamine form of dicamba), Liberty, Engenia, and 
Liberty + Engenia were applied with TeeJet XR, TT, AIXR, AI, and TTI nozzles at 5 km h-1 and 
20 km h-1. Two nozzle sizes (110015 and 11006 rated at 0.58 L min-1 and 2.27 L min-1 at 276 
kPa, respectively) were used to keep spray volume constant at 141 L ha-1 while groundspeed was 
varied. Weed control ratings were typically lower at 5 km h-1 than at 20 km h-1.  For example, 
Palmer amaranth control 4 WAT in 2013 with glufosinate and the TTI nozzle was 89% at 5 km 
h-1 and 96% at 20 km h-1. More differences between speeds were observed for the coarser 
nozzles, such as the TTI and AI, as opposed to finer nozzles, such as the XR and TT. Results 
from this research suggest increasing orifice size increases droplet size and that other factors 
related to applications at faster speeds (e.g. higher droplet velocity, disruption of the crop 
canopy) may influence the efficacy of herbicide applications. However, increasing groundspeed 
is not a recommended means for increasing efficacy of herbicide applications. 
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Nomenclature: Dicamba; glufosinate; glyphosate; barnyardgrass, Echinochloa crus-galli (L.) 
Beauv.; Palmer amaranth, Amaranthus palmeri S. Wats.  
Key words: Nozzle selection, groundspeed, dicamba, glufosinate, glyphosate, weed control 
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Introduction 
With the nearing commercialization of synthetic auxin-resistant crops, managing droplet 
size as it relates to drift management is of great importance to industry and growers alike. 
Droplet size can be manipulated by using different nozzle types, adding an adjuvant to the 
solution, and even using a different size of nozzle within the same nozzle type. Typically, 
increasing the size of the nozzle orifice for a given nozzle type will produce larger droplets 
(Nuyttens et al. 2007). The differentiating droplet spectra between two nozzle sizes may not be 
of significance for two nozzles that are near in orifice size (e.g. 1.9 and 2.3 L min-1), but could be 
important when comparing greater differences between orifice sizes. Large differences between 
orifice sizes occur between nozzles used typically for applications made in small-plot research 
and those used for commercial applications in grower fields. Droplet size can influence efficacy 
of various herbicides and if the difference between droplet sizes as a result of orifice size is large 
enough, it is possible efficacy could differ between applications made with the same nozzle type 
at 5 km h-1 and 20 km h-1. 
 While it is assumed that the results obtained in small-plot research are representative of 
those observed with commercial spray equipment, little to no research has been conducted to 
actually compare herbicide applications made in small-plot research trials to those made using 
equipment more similar to that used by growers or commercial applicators. Some key differences 
exist between the applications made in small plots and those made by commercial applicators, 
namely the groundspeed the sprayer is traveling, the orifice size of the nozzle, and the type of 
sprayer that is used. Backpack sprayers are the preferred method for applying herbicides to 
small-plot research trials in the weed science discipline. Backpack sprayers are typically 
calibrated to apply 94 to 187 L ha-1 spray volume at 276 kPa at a ground speed of 5 km h-1 with 
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nozzles rated between 0.4 and 0.8 L min-1. However, commercial applicators typically apply 
herbicides at much faster speeds (20 km h-1) and achieve similar spray volumes by using nozzles 
with larger orifice sizes (1.5 to 2.3 L min-1). Therefore, a nozzle of a given type rated at 0.6 L 
min-1 used in small-plot research will not produce the same droplet spectra as a nozzle of the 
same type with a larger orifice size that may be more commonly used in a commercial 
application. It is well known that droplet spectra can substantially impact the efficacy of certain 
herbicides (Etheridge et al. 2001; McKinlay et al. 1974; Creech et al. 2015); hence, it is possible 
that herbicide efficacy in small-plot research could differ from that observed with commercial 
equipment, at least for some herbicides. 
In addition to the effect of orifice size on droplet spectra, Wolf et al. (1997) reported that 
application speed can significantly impact the deposition of herbicide onto the target plant in a 
growth chamber. These results suggest droplet spectra and deposition patterns, and thus 
potentially efficacy, could differ between herbicide applications made with a CO2-pressurized 
back sprayer at slower groundspeeds compared to those made with a commercial sprayer at 
greater speeds as a result of deposition onto the target plant. 
Droplet size can influence efficacy of herbicides, but the effect is dependent upon the 
specific herbicides and species being evaluated (Knoche 2001; McKinlay et al. 1974; Ramsdale 
and Messersmith 2001). Even so, it is still helpful to identify common trends related to the 
interactions among droplet sizes, herbicides, and weed species. Smaller droplets tend to be more 
effective than larger droplets, especially for contact herbicides such as glufosinate (Etheridge et 
al. 2001). Droplet size will also affect retention on leaves of the target species. Both McKinlay et 
al. (1974) and Etheridge et al. (2001) showed that small droplets improve retention more on 
upright grass weeds than broadleaf weeds with horizontal structure. 
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The droplet spectra for a specific herbicide can differ between two products containing 
the same active ingredient. Three glyphosate formulations, two containing the same 
isopropylamine salt, all produced different Dv50 values (Mueller and Womac 1997). Thus, 
identifying the specific herbicide product, opposed to the herbicide common name, is critical for 
proper interpretation of results from droplet spectra analyses. Ultimately, the effect of spray 
parameters, such as nozzle selection and spray volume, appear to depend upon the specifics of 
the comparison, specific herbicides in question, and the species being evaluated. 
 Palmer amaranth and barnyardgrass are two of the most problematic weeds in the 
Midsouth (SWSS 2013; SWSS 2014) and are prone to evolve resistance as evidenced by 
extensive documentation of resistance to many herbicides (Heap 2015). Multiple resistance in 
Palmer amaranth and barnyardgrass is also a serious concern. In a survey conducted among 
roadside Palmer amaranth populations in the Mississippi Delta region of Arkansas, 
Bagavathiannan and Norsworthy (2013) reported that >90% of Palmer amaranth populations 
survived applications (labeled rate) of glyphosate and pyrithiobac, an acetolactate synthase 
(ALS)-inhibiting herbicide. Control of herbicide-resistant barnyardgrass remains a top concern 
of Midsouth rice (Oryza sativa L.) producers, where rice is typically rotated with other row crops 
(Norsworthy et al. 2013) Herbicide resistance constitutes to increase management costs for 
effective control. Therefore, herbicide applications must be optimized to maximize efficacy. The 
objective of this research was to determine if groundspeed could affect the efficacy of Engenia, 
Liberty, and Engenia + Liberty applications on Palmer amaranth, barnyardgrass, and other weeds 
common in the Midsouth. The hypotheses for this experiment were: for a given herbicide 
treatment, control with nozzles that produced finer droplets would be greater than control with 
	  150 
nozzles that produce coarser droplets, and weed control would be greater at 5 km hr-1 than at 20 
km hr-1 as a function of droplet size produced from the differing nozzle sizes. 
Materials and Methods 
A field and a laboratory experiment were conducted to evaluate the efficacy and droplet 
spectra of glufosinate, dicamba, and glufosinate + dicamba applied with five nozzle types using a 
CO2-pressurized backpack sprayer at 5 km h-1 and a tractor-mounted sprayer at 20 km h-1. The 
field experiment was conducted in 2013 and 2014 at the Northeast Research and Extension 
Center in Keiser, Arkansas. Plots 3.9 m wide by 15.2 m long were established on a Sharkey clay 
soil (very fine, montmorillonitic, nonacid, thermic, Vertic Haplaquept) with 22% sand, 25% silt, 
and 53% clay (pH=6.7, 1.7% organic matter). Soil texture, pH, and organic matter information 
were obtained by analyzing soil samples collected from the experimental area to a depth of 10 
cm. Soil analysis was conducted at the University of Arkansas Agricultrual Diagnositc 
Laboratory in Fayetteville, AR. Droplet spectra of the nozzle and herbicide combinations used in 
the field experiment were measured using particle size analysis under laboratory conditions. 
The experimental design was a randomized complete block factorial with four 
replications and three factors: herbicide solution, nozzle type, and groundspeed. The herbicide 
treatments were glufosinate as the product Liberty (Bayer CropScience LP, Research Triangle 
Park, NC)at 594 g ha-1, dicamba as the product Engenia (N, N-Bis-(aminopropyl) methylamine 
form of dicamba) (BASF Corporation, Research Triangle Park, NC) at 560 g ha-1 and glufosinate 
+ dicamba at the same rates. Additionally, 0.25% (v/v) of Induce  (Helena Chemical Company, 
Collierville, TN), a nonionic surfactant (NIS), was added to all treatments containing Engenia. 
Because the specific herbicidal product will influence the results of the droplet spectra as 
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previously established by Mueller and Womac (1997), the herbicides used in these experiments 
will hereafter be referred to by their product names. 
Two nozzle sizes (110015 and 11006 rated at 0.58 L min-1 and 2.27 L min-1, respectively) 
were compared for five nozzle types: TeeJet (TeeJet Technologies, Springfield, Illinois) 
Extended Range (XR), Turbo TeeJet (TT), Air Induction Extended Range (AIXR), Air Induction 
(AI), and Turbo TeeJet Induction (TTI). The 20 km h-1 treatments were applied with a R&D 
Sprayers (R&D Sprayers Bellspray Inc. Opelousas, Louisiana) research sprayer mounted on a 
John Deere 5210 Tractor (Deere & Company, Moline, Illinois). All backpack applications were 
made with 0.58 L min-1 nozzles and all tractor-mounted applications with the 2.27 L min-1 
nozzles. Spray pressure was 276 kPa and nozzles were spaced at 48 cm apart on both sprayers. 
Spray volume was held constant at 141 L ha-1 by varying the speed of application from 5 km h-1 
with the backpack sprayer to 20 km h-1 using a tractor-mounted sprayer. Treatments were applied 
from 8:00 to 10:00 AM on July 16, 2013 and 10:00 AM to 12:00 PM on August 12, 2014. Air 
temperatures were 29 C and 26 C and relative humidities were 60% and 75% in 2013 and 2014, 
respectively, based on measurements collected at the time of application. 
The experimental area was overseeded with Palmer amaranth, velvetleaf (Abutilon 
theophrasti Medik.), hemp sesbania [Sesbania herbacea (P. Mill.) McVaugh], and prickly sida 
(Sida spinosa L.) immediately prior to planting in both years. Two other species, barnyardgrass 
and pitted morningglory (Ipomoea lacunosa L.), were indigenous to the field and present in 
sufficient quantity to collect data upon. Glyphosate-resistant corn (Zea mays L.) was planted in 
97-cm wide rows at 9 seeds m-1 row to simulate the effect of a typical crop canopy on herbicide 
application. A SmartStax variety was selected because SmartStax varieties are available on the 
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market that can tolerate POST applications of glufosinate, glyphosate, and dicamba. Planting 
dates and trial establishment occurred on June 26, 2013 and July 8, 2014 for both experiments.  
Treatments were applied to large (3-25 cm tall), actively growing weeds. Average weed 
heights and densities are listed in Table 1. In 2014, weed densities were comparable to 2013 
except Palmer amaranth had a lower density (1 plants m-2), and barnyardgrass had a greater 
density (16 plants m-2). The heights were, on average, 10 to 15 cm taller in 2014. Prickly sida 
was present in 2014 only, with an average density of 6 plants m-2 and 7 to 11 cm in height. 
Ratings were based on a scale of 0 to 100% control, with 0% being no control and 100% being 
complete death of the respective species relative to that in the nontreated plots. 
The aboveground biomass of three barnyardgrass individuals that survived the herbicide 
application were collected per plot 4 WAT. Three prickly sida plants were also collected per plot 
in 2014 only. The weights of the three plants for each respective species were averaged to give 
an average biomass in g plant-1. For most treatments, control was >90% for all species; hence, 
individual plants that escaped control were chosen rather than collecting biomass per m2. 
Barnyardgrass and prickly sida were selected for biomass measurements because the weed 
control ratings had more differences between treatments and individuals that survived the 
application had a larger range in sizes. 
A low-speed wind tunnel located at the University of Nebraska-Lincoln West Central 
Research and Extension Center in North Platte, NE was used to determine droplet size spectra 
for each nozzle and herbicide combination. A Sympatec Helos Vario KR particle size analyzer 
(Sympatec GmbH, Clausthal-Zellerfeld, Germany) equipped with a R7 lens capable of detecting 
particle sizes in a range from 18 to 3500 µm was used to measure the size of the droplets. The 
laser was positioned 30 cm from the tip of the nozzle and a linear actuator was utilized to move 
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the entire width of the nozzle plume across the laser. Testing was performed in a low speed wind 
tunnel at 24 km h-1.  All nozzle and spray solution combinations respective to each experiment 
were analyzed, each treatment was replicated three times, and the same products used in the field 
experiment were used for particle size analysis. Spray parameters that were of interest were the 
Dv10, Dv50 Dv90, relative span, and the percent fines. Dv10 is the diameter below which 10% of the 
liquid volume is atomized into smaller droplets. Dv50 and Dv90 are similar values for 50% and 
90% of the volume, respectively. Dv50 is also commonly referred to as the volume median 
diameter. The percent driftable fines were classified as the percentage of the volume containing 
droplets with a diameter less than 141 µm (%vol fines). The relative span (RS) is a parameter of 
the spray plume that has no units and describes the range of droplet sizes of the plume using 
Equation 1. 𝑅𝑆 = (𝐷!!" −   𝐷!!")    𝐷!!"!!               (Equation 1) 
All field data were analyzed in JMP Pro 11 using the MIXED procedure with years analyzed 
separately and replication included as a random variable. Data that did not meet the equal 
variance and normality assumptions of ANOVA were not analyzed and individual treatment 
means and standard errors (SE) of the means were reported where appropriate. Field data that 
met the assumptions for ANOVA were analyzed and means were separated using Fisher’s 
protected LSD (α = 0.05). For the particle size analysis, a completely randomized design was 
used and a more conservative Tukey adjustment (α = 0.05) was used to identify differences 
between means. 
The biomass data were subject to a natural log transformation to better meet the 
assumptions for ANOVA, as is common with continuous variables such as biomass weight. Log 
transformation improved the model for barnyardgrass, but not for prickly sida. Therefore, 
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analysis was conducted on the transformed values for barnyardgrass, and values were back-
transformed for discussion. 
Of the data collected for the broadleaf weeds including: Palmer amaranth, hemp sesbania, 
velvetleaf, pitted morningglory, and prickly sida; only weed control data for velvetleaf in 2014 
and prickly sida in 2014 from both experiments were analyzed with ANOVA. Barnyardgrass 
data from both years and from both experiments also met the assumptions for ANOVA. Full 
factorial models with the factors according to their respective experiments were used to fit the 
data, and only significant factors (α = 0.05) are discussed where appropriate. Biomass 
measurements were considered separate response variables from weed control ratings for the 
same species and were analyzed separately. 
Results and Discussion 
Most treatment combinations had ≥90% control of all broadleaf weeds at all timings. The 
effects of nozzle selection and groundspeed were dependent upon both the herbicide treatment 
and individual species. The results from the particle size analysis from the low-speed wind 
tunnel for nozzle and herbicide combinations are presented after the results from the field 
experiment. 
Palmer Amaranth. Control of Palmer amaranth was ≥90% for most treatments. Only Liberty 
applied with the TTI nozzle at 5 km h-1 4 WAT in 2013 provided less than 90% control (Table 2). 
At that same timing, Liberty applied with the TTI nozzle at 20 km h-1 provided 96% control, 7%  
greater than at 5 km h-1. Comparing the same treatments in 2014, a decrease in control was also 
observed when speed was decreased at both timings. For Engenia applied with the AIXR and 
TTI nozzles, control was lower at 5 km h-1 than at 20 km h-1 at both timings in both years. 
Groundspeed appears to be more important at coarser droplet sizes because large differences in 
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control between groundspeeds did not occur for the XR or TT nozzle for any herbicide treatment. 
Also, the finer nozzles, such as the XR and TT nozzles, generally provided greater control than 
the coarser nozzles such as the TTI. 
Hemp Sesbania. In the second year (2014), hemp sesbania control with Engenia alone increased 
by 6 to 15% from 2 WAT to 4 WAT (Table 3). This increase in control was due to the large (20 
to 30 cm tall) plants at the time of application. At 2 WAT, the large plants exhibited severe 
epinasty and many could not be considered dead based on personal observation. By 4 WAT, 
many of those severely injured plants were killed as the control ratings reflect. Hemp sesbania 
control with Engenia and AI nozzle was 91% at 5 km h-1 compared to 97% at 20 km h-1 4 WAT. 
In 2013, control generally decreased with Liberty alone from 2 WAT to 4 WAT with all nozzles. 
However, control in 2014 was ≥98% at both timings, despite having larger weeds in 2014. The 
overall decrease in control in 2013 could be attributed to environmental conditions before, during, 
or after the application because applications of the same herbicide do not perform identically 
across time and space. 
Velvetleaf. In both years, control at 5 km h-1 was significantly less than control at 20 km h-1 
within at least one nozzle type for all three herbicides (Table 4). For example, control with 
Engenia + Liberty applied with the XR nozzle was 94% at 5 km h-1 and 99% at 20 km h-1. In 
2014, application of Engenia with the AI and TTI nozzles resulted in significantly lower control 
at 5 km h-1 than at 20 km h-1. For the XR, TT, and AIXR nozzles, no significant differences 
occurred between speeds within a nozzle that applied Engenia alone. For Liberty, control 
differences within some nozzles were observed, indicating that speed or differences between 
orifice sizes, have an effect on efficacy. 
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Pitted Morningglory. For certain treatments, control decreased from 100% from the first to the 
second rating due to emergence of pitted morningglory following treatment. Although pitted 
morningglory was present at the time of application in 2013, many treatments provided complete 
control 2 WAT. By 4 WAT, it was not possible to differentiate survivors from those emerging 
after treatment; hence, newly emerged pitted morningglory was included in the data resulting in 
a decrease in control from 2 WAT to 4 WAT. For all nozzle and herbicide combinations, control 
at 5 km h-1 was either equal to, or lower than, control at 20 km h-1 at both timings in 2014 (Table 
5). Liberty alone provided good control (≥84%) in both years, but control generally improved 
with the addition of Engenia, particularly in 2014. 
Barnyardgrass. As Engenia alone provides no POST barnyardgrass control, the Engenia alone 
treatment was removed from the analysis. Both two-way interactions involving the factor of 
herbicide (herbicide by groundspeed and herbicide by nozzle type) were significant in 2013, 
indicating that Engenia affected the activity of Liberty. When Engenia was mixed with Liberty, 
Dv50 values were similar to that of Engenia alone, and consequently larger than the Liberty alone 
treatment. As Liberty is a contact herbicide, efficacy decreases with larger droplet sizes 
(Etheridge et al. 2001). The only interaction that was significant in 2014 was the interaction 
between nozzle type and groundspeed; the main effect of herbicide was not significant in 2014, 
indicating no differences occurred between Liberty and Liberty + Engenia. The effect of droplet 
size on the herbicide treatments in 2013 may not be present in 2014 due to the larger 
barnyardgrass sizes (8 cm and 18 cm in 2013 and 2014, respectively). Larger droplets likely have 
more trouble being retained on upright grass leaves especially when they are small, thin, and 
have little rigidity. 
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Smaller droplets improved control of barnyardgrass more than larger droplets (Table 6). 
In 2014, control 4 WAT with the TTI nozzle at 5 km h-1 was significantly less than at 20 km h-1 
(78% compared to 88%, respectively, Table 6). In both years, barnyardgrass biomass differed 
among herbicide-nozzle type-groundspeed combinations. In many cases, as droplet size 
increased so did the biomass (e.g. 0.3 g plant-1 with Liberty and XR nozzle at 20 km h-1 
compared to 0.6 g plant-1 with Liberty and TTI nozzle at 20 km h-1) (Table 7). 
Prickly Sida. Prickly sida emerged with a low population density in 2013 despite overseeding at 
the time of planting; therefore, data were not collected on prickly sida in the first year. 
Emergence in the second year was much greater (7 plants m-2) and weed control data were 
collected. Significant terms in the model for percent control included the interaction between 
herbicide and groundspeed and the interaction between nozzle type and speed. Only the 
interaction between herbicide and speed was significant for biomass, and the main effect of 
nozzle type was not significant for biomass. Appropriate means are presented in Table 8. Control 
with Liberty at 5 km h-1 (88% and 91% 2 and 4 WAT, respectively) was significantly less than 
control at 20 km h-1 (94% and 97% 2 and 4 WAT, respectively) averaged across all nozzle types 
at both timings. Similarly, biomass measurements were also significantly greater at the lower 
speed for Liberty alone (0.55 g plant-1 at 5 km h-1 and 0.26 g plant-1 at 20 km h-1). The means 
separation for the interaction between nozzle type and groundspeed shows significant differences 
between speeds for some nozzles, both finer nozzles such as the XR and coarser nozzles such as 
the TTI. 
Droplet Spectra Analysis. For all nozzle and herbicide combinations, Dv50 values were 
significantly different from each other as the orifice size increased from 0.58 L min-1 to 2.27 L 
min-1, except for the TTI nozzle with Engenia and the TTI nozzle with Engenia + Roundup 
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PowerMax (Table 9). However, the Dv50 values did not always increase as orifice size increased 
as exemplified with the AI nozzle spraying Engenia + Liberty (Dv50= 754 µm and 611 µm for 
0.58 L min-1 and 2.27 L min-1, respectively). Droplet spectra analyses do not always produce 
expected results and exceptions to general rules may be a result of interactions between the 
solution and the specific nozzle. Relative span followed a similar pattern as Dv50, with RS values 
increasing as orifice size increased. Similarly, the %vol fines generally decreased as orifice size 
increased, with some nozzle and herbicide combinations not being different (TTI nozzle with all 
herbicides), and one combination (AI nozzle applying glufosinate) %vol fines increased with 
orifice size. As was expected, finer nozzles such as the XR has much smaller Dv50 values than 
the TTI (Dv50 ranged from 152 µm to 768 µm). 
In regards to the speed of application, the groundspeed experiment was designed to 
determine if small-plot applications with a backpack sprayer differ from applications with a 
commercial sprayer. Based on the results of the groundspeed experiment, the null hypothesis that 
there would be no differences between applications made at different speeds was rejected, which 
was not the expected result. More differences beyond groundspeed existed between the tractor 
sprayer and the backpack sprayer including the construction of the sprayer itself, the propellant 
(air vs. CO2) and pH of the solution, regulation of boom height across the field, etc. It is possible 
that one of these other variables could be confounding the results of the comparison between 
groundspeeds. 
In contrast to the initial hypothesis, weed control was lower at 5 km h-1 than at 20 km h-1 
for most herbicide-nozzle combinations. Groundspeed appears to play a larger role in regards to 
efficacy when herbicides are applied with coarser nozzles such as the TeeJet TTI.  When sprays 
are applied at faster speeds, the movement of the tractor disrupts the crop canopy, potentially 
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aiding the droplets in penetrating the canopy to reach the target weed. In the field, escapes that 
survived the herbicide application appeared to be more common underneath the crop canopy at 
the slower speed (personal observation). The other variable that may be influencing efficacy 
between speeds is differences in orifice size. Although some exceptions were observed, as orifice 
size increased, droplet size increased for most nozzle and herbicide combinations. As two of the 
herbicides solution contained Engenia (a systemic herbicide), it is possible that the larger droplet 
sizes produced by the larger orifices is improving efficacy. However, that does not explain how 
increasing groundspeed is in some cases increasing efficacy of Liberty alone or producing the 
same result on barnyardgrass with Engenia + Liberty.  
 Applications of contact herbicides, such as Liberty, should avoid ultra-coarse nozzles, 
such as the TTI, to prevent reductions in efficacy thereby increasing the likelihood of the 
herbicide resistance evolution (Norsworthy et al. 2012). In conclusion, sprayer applications made 
by commercial applicators may be better suited for maximizing efficacy than applications made 
in research plots, which may improve the overall management of herbicide-resistant weeds in 
production situations.  
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Table 1. Height and density of weed species present in the field experiment in 2013 and 2014. 
 
2013  2014 
Weed species Density Height  Density Height 
 plants m
-2 ---cm---  plants m-2 ---cm--- 
Palmer amaranth 7 6-10  1 15-25 
Hemp sesbania 9 5-9  10 20-25 
Velvetleaf 7 5-9  7 15-20 
Pitted Morningglory 6 3-7  2 3-10 
Barnyardgrass 6 8  15 15-20 
Prickly sida - -  7 8-12 	  
	  Table 2. Postemergence Palmer amaranth control 2 and 4 weeks after treatment (WAT) as influenced by the interaction between 
herbicide treatment, nozzle selection, and groundspeed in 2013 and 2014.  
        Control a 
        2013   2014 
Treatments Rate Nozzle Speed 2 WAT 4 WAT   2 WAT 4 WAT 
          g ai ha-1 km h-1 -%- SE -%- SE   -%- SE -%- SE 
 Glufosinateb 594 XRe 5 99 1 97 1 
 
99 1 99 1 
20 100 0 97 1 
 
100 0 100 0 
TTf 5 100 0 97 1 
 
98 1 100 0 
20 100 0 98 1 
 
99 1 100 0 
AIXRg 5 98 1 96 1 
 
100 0 100 0 
20 100 0 98 1 
 
100 0 100 0 
AIh 5 99 1 96 1 
 
94 2 97 1 
20 100 1 97 1 
 
95 1 99 1 
TTIi 5 91 1 89 1 
 
95 2 95 2 
20 100 0 96 1 
 
100 0 100 1 
Dicambac 560d XR 5 99 1 97 1 
 
97 2 97 2 
20 99 1 98 1 
 
100 0 100 0 
TT 5 100 0 100 0 
 
99 1 100 0 
20 100 0 98 1 
 
99 1 100 0 
AIXR 5 93 1 96 1 
 
91 3 91 2 
20 100 0 100 0 
 
100 0 100 0 
AI 5 97 1 98 1 
 
100 0 99 1 
20 100 0 99 0 
 
98 1 98 1 
TTI 5 96 1 96 1 
 
92 2 91 2 
20 100 0 100 0 
 
100 0 100 0 
Dicamba + 
glufosinate 
560d + 594 XR 5 99 1 98 1 
 
99 1 100 0 
20 100 0 98 1 
 
100 0 100 0 
TT 5 99 1 98 1 
 
100 0 100 0 
20 100 0 98 1 
 
100 0 100 0 
AIXR 5 98 1 98 1 
 
100 0 100 0 
 
20 100 0 100 0 
 
100 0 100 0 
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  Table 2 cont.             
  AI 5 100 0 98 1  99 1 100 1 
   20 100 0 99 0  99 1 100 0 
  TTI 5 99 1 100 0  98 1 100 0 
   20 100 0 100 0  100 0 100 0 
a Data did not meet the assumptions of ANOVA and are reported as means followed by the standard error (SE) of the mean 
b All treatments containing glufosinate utilized the product Liberty 
c All treatments containing dicamba utilized the product Engenia 
d Rate is in g ae ha-1 
e Refers to the TeeJet Extended Range (XR) nozzle 
f Refers to the TeeJet Turbo TeeJet (TT) nozzle 
g Refers to the TeeJet Air Induction Extended Range (AIXR) nozzle 
h Refers to the TeeJet Air Induction (AI) nozzle 
i Refers to the TeeJet Turbo TeeJet Induction (TTI) nozzle 
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  Table 3. Postemergence hemp sesbania control 2 and 4 weeks after treatment (WAT) as influenced by the interaction between 
herbicide treatment, nozzle selection, and groundspeed in 2013 and 2014.  
        Control a 
        2013   2014 
Treatments Rate Nozzle Speed 2 WAT 4 WAT   2 WAT 4 WAT 
           g ai ha-1  km hr-1 -%- SEc -%- SEc   -%- SEc -%- SEc 
 Glufosinateb 594 XRe 5 100 0 90 0 
 
100 0 100 0 
20 100 0 93 1 
 
100 0 100 0 
TTf 5 99 1 88 1 
 
100 0 100 0 
20 100 0 91 1 
 
100 0 100 0 
AIXRg 5 99 1 93 1 
 
99 1 100 0 
20 100 0 93 1 
 
100 0 99 0 
AIh 5 98 1 91 1 
 
98 3 100 0 
20 99 1 93 1 
 
100 0 100 0 
TTIi 5 93 1 89 1 
 
99 1 100 0 
20 99 1 93 1 
 
100 0 100 0 
Dicambac 560d XR 5 99 1 97 1 
 
86 1 97 1 
20 100 0 100 0 
 
85 2 98 1 
TT 5 94 2 97 2 
 
84 2 99 1 
20 100 0 98 1 
 
91 1 99 1 
AIXR 5 98 1 99 0 
 
84 1 95 1 
20 96 1 98 1 
 
88 1 97 2 
AI 5 99 1 98 1 
 
80 2 91 1 
20 100 0 97 1 
 
87 1 97 1 
TTI 5 98 3 98 1 
 
81 1 92 2 
20 99 1 98 1 
 
89 1 95 2 
Dicamba + 
glufosinate 
560d + 594 XR 5 100 0 96 1 
 
99 1 100 0 
20 100 0 99 0 
 
100 0 100 0 
TT 5 99 1 97 1 
 
100 0 100 0 
20 99 1 97 1 
 
100 0 100 0 
AIXR 5 100 0 96 1 
 
100 0 100 0 
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  Table 3 cont.             
   20 100 1 96 1  99 1 100 0 
  AI 5 98 2 97 1  100 0 100 0 
   20 100 0 96 1  100 0 100 0 
  TTI 5 96 2 95 2  98 1 100 0 
   20 100 0 96 1  100 0 100 0 
a Data did not meet the assumptions of ANOVA and are reported as means followed by the standard error (SE) of the mean 
b All treatments containing glufosinate utilized the product Liberty 
c All treatments containing dicamba utilized the product Engenia 
d Rate is in g ae ha-1 
e Refers to the TeeJet Extended Range (XR) nozzle 
f Refers to the TeeJet Turbo TeeJet (TT) nozzle 
g Refers to the TeeJet Air Induction Extended Range (AIXR) nozzle 
h Refers to the TeeJet Air Induction (AI) nozzle 
i Refers to the TeeJet Turbo TeeJet Induction (TTI) nozzle 
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  Table 4. Postemergence velvetleaf control 2 and 4 WAT as influenced by the interaction between herbicide treatment, nozzle type, and 
groundspeed 2013 and 2014.  
    Control 
        2013   2014 
Treatments Rate Nozzle Speed 2 WAT 4 WAT   2 WAT 4 WAT 
  g ai ha-1   km h-1     % SE % SE   ----------%---------- 
Glufosinatec 594 XRf 5 99 1 98 1   86 f-i 88 ghi 
20 100 0 98 1   96 a 97 abc 
TTg 5 99 1 96 1   88 e-i 87 ghi 
20 100 0 100 0   94 abc 96 abc 
AIXRh 5 93 2 93 1   85 hij 91 d-g 
20 99 1 95 1   93 a-d 97 abc 
AIi 5 98 1 94 1   84 ij 87 ghi 
20 100 0 98 1   90 b-g 93 c-f 
TTIj 5 93 1 94 1   85 hij 85 i 
20 97 1 98 1   88 d-i 86 hi 
Dicambad 560e XR 5 86 1 91 1   85 hij 90 e-h 
20 100 0 100 0   86 f-i 90 e-h 
TT 5 89 1 89 1   84 ij 90 d-g 
20 100 0 100 0   86 f-i 90 e-h 
AIXR 5 84 2 89 1   86 g-j 89 f-i 
20 99 0 99 0   81 j 90 e-h 
AI 5 90 1 89 1   81 j 85 hi 
20 97 1 99 0   87 f-i 91 d-g 
TTI 5 99 1 98 1   81 j 89 f-i 
20 98 1 98 1   86 f-i 93 b-e 
Dicamba + 
glufosinate 
560e + 
594 
XR 5 94 1 94 1   91 b-f 93 b-e 
20 99 0 99 0   97 a 97 ab 
TT 5 100 0 97 1   89 d-i 96 abc 
20 100 0 100 0   94 ab 98 a 
AIXR 5 97 1 98 1   93 a-d 96 abc 
20 100 0 100 0   91 b-f 96 abc 
AI 5 96 2 96 1   89 c-h 92 c-f 
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  Table 4 cont.             
   20 100 0 98 1   87 f-i 95 a-d 
  TTI 5 99 1 97 1   89 d-i 96 abc 
   20 98 1 98 1   92 a-e 95 a-d 
a Means followed by the same letter within a column are not statistically different according to Fisher’s protected LSD (α = 0.05) 
b Data that did not meet the assumptions of ANOVA are reported as means followed by the standard error (SE) of the mean. 
c All treatments containing glufosinate utilized the product Liberty 
d All treatments containing dicamba utilized the product Engenia 
e Rate is in g ae ha-1 
f Refers to the TeeJet Extended Range (XR) nozzle 
g Refers to the TeeJet Turbo TeeJet (TT) nozzle 
h Refers to the TeeJet Air Induction Extended Range (AIXR) nozzle 
i Refers to the TeeJet Air Induction (AI) nozzle 
j Refers to the TeeJet Turbo TeeJet Induction (TTI) nozzle 
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  Table 5. Postemergence pitted morningglory control 2 and 4 WAT as influenced by the interaction between herbicide treatment, 
nozzle type, and groundspeed 2013 and 2014.   
        Control 
        2013   2014 
Treatments Rate Nozzle Speed 2 WAT 4 WAT   2 WAT 4 WAT 
  g ai ha-1   k hr-1 -%- SEc -%- SEc   -%- SEc -%- SEc 
Glufosinatec 594 XRf 5 99 1 86 1 
 
93 1 92 1 
20 100 0 84 1 
 
99 1 97 1 
TTg 5 98 1 86 2 
 
91 1 95 1 
20 99 1 92 1 
 
97 2 97 1 
AIXRh 5 100 0 88 1 
 
97 1 95 2 
20 100 0 86 1 
 
97 1 96 1 
AIi 5 100 0 84 2 
 
89 2 93 2 
20 99 1 85 0 
 
98 1 96 1 
TTIj 5 99 1 86 1 
 
87 1 93 2 
20 100 0 86 2 
 
96 1 98 1 
Dicambad 560e XR 5 100 0 89 1 
 
81 1 88 1 
20 100 0 90 2 
 
83 1 92 1 
TT 5 98 1 93 1 
 
80 0 91 2 
20 100 0 88 1 
 
81 2 92 1 
AIXR 5 98 1 91 1 
 
84 1 88 1 
20 99 1 88 3 
 
81 1 88 1 
AI 5 100 0 90 2 
 
76 1 86 2 
20 100 0 88 1 
 
81 1 91 1 
TTI 5 100 0 91 1 
 
76 1 83 1 
20 100 0 93 1 
 
83 1 91 2 
Dicamba + 
glufosinate 
560e + 594 XR 5 99 1 85 0 
 
97 1 98 1 
20 100 0 93 1 
 
99 0 99 0 
TT 5 100 0 89 1 
 
98 1 96 1 
20 100 0 88 1 
 
100 0 98 1 
AIXR 5 100 0 85 2 
 
99 0 97 1 
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  Table 5 cont.             
   20 100 0 86 1  99 1 97 1 
  AI 5 100 0 86 1  99 1 97 1 
   20 100 0 86 1  99 1 97 1 
  TTI 5 100 0 85 2  98 1 97 1 
   20 100 0 86 1  99 0 98 0 
a Data did not meet the assumptions of ANOVA and are reported as means followed by the standard error (SE) of the mean 
b All treatments containing glufosinate utilized the product Liberty 
c All treatments containing dicamba utilized the product Engenia 
d Rate is in g ae ha-1 
e Refers to the TeeJet Extended Range (XR) nozzle 
f Refers to the TeeJet Turbo TeeJet (TT) nozzle 
g Refers to the TeeJet Air Induction Extended Range (AIXR) nozzle 
h Refers to the TeeJet Air Induction (AI) nozzle 
i Refers to the TeeJet Turbo TeeJet Induction (TTI) nozzle 
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  Table 6. Postemergence barnyardgrass control 2 and 4 weeks after treatment (WAT) as influenced by interactions between herbicide 
and groundspeed, herbicide and nozzle type, and nozzle type and groundspeed in 2013 and 2014. 
          Controla 
         2013  2014 
 Effect Treatments Rate Nozzle Speed 2 WAT 4 WAT  2 WAT 4 WAT 
    g ai ha-1   km h-1 ----------%----------  ----------%---------- 
Herbicide*Speedb Glufosinatec 594 - 5 92 b 88 b  - 
 
- 
    - 20 98 a 91 a  -  
- 
  Dicambad 560e - 5 0  0   -  
- 
    - 20 0  0   -  
- 
  Dicamba + 
glufosinate 
560e + 
594 
- 5 84 c 82 c  - 
 
- 
  - 20 97 a 91 a  - 
 
- 
               Herbicide*Nozzle 
Type 
Glufosinate 594 XRf - 98 a 94 a  -
 
-
   TTg - 96 a 90 bc  - 
 
- 
   AIXRh - 93 bc 89 c  - 
 
- 
    AIi - 93 bc 89 c  - 
 
- 
    TTIj - 91 cd 86 d  - 
 
- 
  Dicamba 560a XR - 0 
 
0 
 
 - 
 
- 
    TT - 0 
 
0 
 
 - 
 
- 
    AIXR - 0 
 
0 
 
 - 
 
- 
    AI - 0 
 
0 
 
 - 
 
- 
    TTI - 0 
 
0 
 
 - 
 
- 
  Dicamba + 
glufosinate 
560a + 
594 
XR - 96 ab 92 ab  - 
 
- 
  TT - 92 cd 85 de  - 
 
- 
  AIXR - 90 d 84 e  - 
 
- 
  AI - 93 bc 90 bc  - 
 
- 
  TTI - 84 e 80 f  - 
 
- 
  
  
      
 
    Nozzle Type*Speed 
  
XR 5 94 cd 91 bcd  97 ab 96 cd 
   
20 99 a 95 a  98 a 99 a 
  
TT 5 90 e 84 e  97 ab 97 c 
   
20 97 ab 91 bc  98 a 99 a 
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  Table 6 cont.              
   AIXR 5 85 f 82 f  97 ab 98 bc 
    20 98 a 91 b  98 a 99 ab 
   AI 5 92 de 88 cd  96 b 95 d 
    20 99 a 91 b  97 ab 99 ab 
   TTI 5 81 g 78 g  93 c 94 e 
    20 95 bc 88 d  98 ab 99 a 
a Means followed by the same letter within a column are not statistically different according to Fisher’s protected LSD (α = 0.05) 
b In 2013, all two-way interactions were significant. In 2014, only the interaction between nozzle type and groundspeed was 
significant 
c All treatments containing glufosinate utilized the product Liberty 
d All treatments containing dicamba utilized the product Engenia 
e Rate is in g ae ha-1 
f Refers to the TeeJet Extended Range (XR) nozzle 
g Refers to the TeeJet Turbo TeeJet (TT) nozzle 
h Refers to the TeeJet Air Induction Extended Range (AIXR) nozzle 
i Refers to the TeeJet Air Induction (AI) nozzle 
j Refers to the TeeJet Turbo TeeJet Induction (TTI) nozzle 
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  Table 7. Aboveground biomass of barnyardgrass as influenced by the interaction between herbicide, nozzle type, and groundspeed in 
2013 and 2014. 
        Biomassa 
Treatments Rate Nozzle Speed 2013   2014 
 g ai ha
-1  km h
-1 g plant-1 
 
g plant-1 
 Glufosinateb 594 XRe 5 1.64 b  0.28 kl 20 0.23 d  0.3 jkl TTf 5 1.57 b  0.86 cde 20 0.19 d  0.39 ijk AIXRg 5 1.39 b  0.4 h-k 20 0.25 d  0.25 l AIh 5 1.41 b  0.91 bcd 20 0.53 c  0.76 def TTIi 5 1.86 b  1.19 bc 20 1.15 b  0.6 fg Dicambac 560d XR 5 8.88 a  4.98 a 20 8.29 a  5.65 a TT 5 8.7 a  4.15 a 20 9.86 a  5.13 a AIXR 5 9.05 a  4.21 a 20 8.65 a  4.13 a AI 5 8.16 a  4.04 a 20 11.16 a  4.1 a TTI 5 8.51 a  5.19 a 20 6.81 a  4.16 a Dicamba + 
glufosinate 
560d + 594 XR 5 1.15 b  0.97 bcd 20 0.08 e  0.56 fgh TT 5 1.46 b  0.63 ef 20 0.48 c  0.42 hij AIXR 5 1.73 b  0.9 bcd 20 1.43 b  0.77 def AI 5 1.49 b  0.6 fg 20 0.34 cd  0.54 f-i 
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  Table 7 cont.         
  TTI 5 1.81 b  1.24 b 
   20 1.43 b   0.44 ghi 
a Means followed by the same letter within a column are not statistically different according to Fisher’s protected LSD (α = 0.05) 
b All treatments containing glufosinate utilized the product Liberty 
c All treatments containing dicamba utilized the product Engenia 
d Rate is in g acid equivalent (ae) ha-1. 
e Refers to the TeeJet Extended Range (XR) nozzle 
f Refers to the TeeJet Turbo TeeJet (TT) nozzle 
g Refers to the TeeJet Air Induction Extended Range (AIXR) nozzle 
h Refers to the TeeJet Air Induction (AI) nozzle 
i Refers to the TeeJet Turbo TeeJet Induction (TTI) nozzle 
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  Table 8. Postemergence prickly sida control 2 and 4 WAT and aboveground biomass as influenced by the interactions between 
herbicide treatment and groundspeed and nozzle type and groundspeed in 2014.  
    Control
a 
 Treatments Rate Speed 2 WAT 4 WAT Biomass 
  g ai ha
-1 km h-1 ----------%---------- g plant-1 
Herbicide*Speed Glufosinateb 594 5 88 b 91 b 0.55 a 
   20 94 a 97 a 0.26 cd 
 Dicambac 560d 5 84 c 89 c 0.48 ab 
   20 86 c 91 bc 0.41 abc 
 Dicamba + 
glufosinate 
560d + 
594 
5 94 a 97 a 0.21 d 
 20 94 a 97 a 0.38 bc 
          Nozzle 
Type*Speed XR
e 
 5 89 bc 92 cde -  
   20 93 a 96 a -  
 TTf  5 92 a 95 ab -  
   20 92 a 96 a -  
 AIXRg  5 91 ab 93 bcd -  
   20 89 bc 94 abc -  
 AIh  5 86 cd 90 e -  
   20 89 b 94 abc -  
 TTIi  5 86 d 91 de -  
   20 93 a 95 ab -  a Means followed by the same letter within a column are not statistically different according to Fisher’s protected LSD (α = 0.05) 
b All treatments containing glufosinate utilized the product Liberty 
c All treatments containing dicamba utilized the product Engenia 
d Rate is in g ae ha-1 
e Refers to the TeeJet Extended Range (XR) nozzle 
f Refers to the TeeJet Turbo TeeJet (TT) nozzle 
g Refers to the TeeJet Air Induction Extended Range (AIXR) nozzle 
h Refers to the TeeJet Air Induction (AI) nozzle 
i Refers to the TeeJet Turbo TeeJet Induction (TTI) nozzle 
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  Table 9. Spray characteristics of nozzle type, groundspeed (speed), and herbicide combinations including Dv10, Dv50, Dv90, relative 
span, and % of the volume (%vol) containing droplets with diameters <141µm. 
        Droplet spectra parametersa 
Treatments Rate Nozzle Speed Dv10 Dv50 Dv90 Relative spanj <141 µm 
  g ai ha-1   km h-1 ---------------------µm---------------------  - %vol 
 Glufosinateb 594 XRe 5 66 w 152 t 278 t 1.39 de 44.68 d 
  20 94 tu 228 r 438 rs 1.51 bc 23.25 j 
 TTf 5 109 st 240 r 433 s 1.35 efg 18.52 i 
  20 153 p 405 m 881 hij 1.8 a 8.3 nop 
 AIXRg 5 136 q 311 o 535 pq 1.28 f-i 10.79 mn 
  20 170 no 414 m 712 mno 1.31 e-h 6.62 rst 
 AIh 5 250 jk 544 h 895 hi 1.18 i-m 2.46 qr 
  20 211 lm 513 i 872 hij 1.29 fgh 4.15 op 
 TTIi 5 332 ef 684 d 1027 ef 1.02 o-s 0.88 vw 
  20 317 fgh 745 bc 1323 a 1.35 ef 1.02 vw 
Dicambac 560d XR 5 94 tu 181 s 293 t 1.1 l-p 30.14 a 
  20 137 q 292 op 494 qr 1.22 h-k 10.7 e 
 TT 5 133 qr 267 q 431 s 1.12 l-o 11.82 f 
  20 183 n 410 m 746 lm 1.37 ef 4.72 k 
 AIXR 5 176 n 368 n 582 p 1.1 l-p 5.46 j 
  20 263 j 541 h 837 ijk 1.06 n-q 1.68 l 
 AI 5 306 h 598 f 880 hij 0.96 rst 0.91 qr 
  20 316 gh 649 e 987 fg 1.04 o-r 0.86 op 
 TTI 5 401 a 742 bc 1054 de 0.88 t 0.33 vw 
  20 370 b 759 ab 1208 b 1.1 l-p 0.39 vw 
Dicamba + 
Glufosinate 
560d + 
594 
XR 5 73 vw 173 s 328 t 1.48 bcd 36.99 b 
 20 120 rs 289 p 574 p 1.57 b 14.55 g 
TT 5 121 rs 265 q 464 rs 1.29 e-h 14.68 g 
  20 169 no 423 lm 834 jk 1.57 b 6.31 lm 
 AIXR 5 184 n 403 m 660 no 1.18 j-m 4.83 no 
  20 207 m 474 k 799 kl 1.25 g-j 3.87 p 
 AI 5 397 a 754 ab 1093 d 0.92 st 0.25 w 
  20 281 i 611 f 978 fg 1.14 k-n 1.44 stu 
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Table 9 cont.              
  TTI 5 387 a 768 a 1105 cd 0.94 rst 0.47 vw 
    20 342 de 765 a 1281 a 1.23 h-k 0.64 uvw 
a Means followed by the same letter within a column are not statistically different according to Fisher’s protected LSD with a Tukey 
adjustment (α = 0.05) 
b All treatments containing glufosinate utilized the product Liberty 
c All treatments containing dicamba utilized the product Engenia 
d Rate is in g ae ha-1 
e Refers to the TeeJet Extended Range (XR) nozzle 
f Refers to the TeeJet Turbo TeeJet (TT) nozzle 
g Refers to the TeeJet Air Induction Extended Range (AIXR) nozzle 
h Refers to the TeeJet Air Induction (AI) nozzle 
i Refers to the TeeJet Turbo TeeJet Induction (TTI) nozzle 
jRelative span is a unitless index of the range of droplet sizes in the spectrum 
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Chapter 7 
Effect of Nozzle Selection and Spray Volume on Droplet Size and Efficacy of Engenia™ 
Tank-mix Combinations  
Abstract 
Sprayer applicator-controlled variables such as nozzle selection and spray volume will become 
increasingly important for making labeled POST applications of dicamba in next-generation 
cropping systems. A field experiment was conducted in 2013 and 2014 at the Northeast Research 
and Extension Center in Keiser, Arkansas. Tank mixtures of Engenia™ (N, N-Bis-(aminopropyl) 
methylamine form of dicamba), Roundup PowerMax® (glyphosate), Liberty® (glufosinate), and 
Dual Magnum® (S-metolachlor) were applied with TeeJet AIXR, AITTJ60, and TTI nozzles. 
Two nozzle sizes, 11003 and 11006, were used to vary spray volume from 94 L ha-1 to 187 L ha-
1, respectively. For barnyardgrass, a significant decrease in control was observed when spray 
volume was reduced for Roundup PowerMax + Engenia in 2013. In 2014, an overall decrease in 
control was observed for the TTI nozzle when spray volume was reduced to 94 L ha-1, averaged 
across all herbicide treatments.  The addition of the product Dual Magnum to Roundup 
PowerMax + Liberty + Engenia significantly reduced the droplet spectra for all nozzle types. For 
example, adding Dual Magnum into the tank-mix decreased the Dv50 for the TTI nozzle at 187 L 
ha-1 spray volume from 789 µm to 570 µm. The results from this research demonstrate that using 
low spray volume and coarser nozzles could reduce efficacy of the herbicides on the weed 
species evaluated. Nozzle selection and spray volume will play key roles in maximizing efficacy 
of POST applications in dicamba-resistant crops. Additionally, evaluating droplet spectra of 
potential Engenia-containing tank-mixtures is critical for producing the desired droplet size to 
minimize off-target movement. 
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Nomenclature: glufosinate; glyphosate; dicamba; barnyardgrass, Echinochloa crus-galli (L.) 
Beauv.; Palmer amaranth, Amaranthus palmeri S. Wats.  
Key Words: Spray volume, nozzle selection, dicamba, glufosinate, glyphosate, weed control 
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Introduction 
Palmer amaranth has been confirmed with resistance to five sites of action (SOA) 
including glyphosate (Heap 2015). In a survey conducted among roadside Palmer amaranth 
populations in the Mississippi Delta region of Arkansas, Bagavathiannan and Norsworthy (2013) 
reported that >90% of Palmer amaranth populations survived applications (labeled rate) of 
glyphosate and pyrithiobac, an acetolactate synthase (ALS)-inhibiting herbicide. Herbicide-
resistant Palmer amaranth continues to cause growers millions of dollars in financial losses 
annually across the Midsouth (Riar et al. 2013). Maximizing efficacy of herbicides applications 
on herbicide-resistant prone species, such as Palmer amaranth and barnyardgrass, is imperative 
for effective management and prevention of new-herbicide resistance mechanisms. 
Applicator-controlled variables for herbicide applications, such as nozzle selection and 
spray volume, will become more important as auxin-resistant crop varieties become 
commercially available and as herbicide resistance continues to threaten agricultural production. 
Palmer amaranth and barnyardgrass are two weeds that have evolved resistance to many 
different SOAs and remain hard to control across the Midsouth. To better control these 
problematic weeds, a full understanding of the effects of manipulating application variables on 
the control of irrepressible and resistant-prone species is needed. 
Herbicide efficacy has been correlated to droplet size and spray volume (L ha-1), but the 
relationship differs widely among herbicides and species (Knoche 2001; McKinlay et al 1974; 
Ramsdale and Messersmith 2001). Even so, it is still helpful to identify common trends related to 
the interactions among droplet size, spray volume, herbicide, and weed species. At equal spray 
volumes, smaller droplets tend to be more effective than larger droplets. Small droplet size is 
more important for retention on upright, grass weeds than broadleaf weeds with horizontal 
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structure (McKinlay et al. 1974; Etheridge et al. 2001). The ability of the droplet to spread on the 
leaf is dependent on the weed species, contributing to differential tolerances to the same 
herbicide between species (Norsworthy et al. 2001). As droplet spread and contact with the leaf 
affects herbicide uptake, it is not surprising the effect of droplet size on herbicide efficacy 
appears to be dependent upon species. Also, the importance of adequate coverage, typically 
achieved with smaller droplets, has a more consistent effect on the efficacy of contact herbicides 
such as glufosinate (Etheridge et al. 2001). 
Reducing carrier volumes to rates typical for commercial ground applicators (140 L ha-1) 
decreases performance of various systemic and contact herbicides (Knoche 1994). However, this 
general rule does not hold true in all situations. McKinlay et al. (1974) demonstrated that at more 
extreme comparisons, 5.5 L ha-1 compared to 22 L ha-1, applying paraquat at the lower spray 
volume had greater efficacy on common sunflower (Helianthus annuus L.) than at the greater 
spray volume. The magnitude of this effect was also dependent upon the droplet size as a greater 
difference between spray volumes was observed with a homogenous spray of 100 µm droplets 
than with a 350 µm droplets (McKinlay et al. 1974). Carfentrazone efficacy, when applied 
without an adjuvant, was lower on common sunflower at 47 L ha-1 than at either 94 or 190 L ha-1 
(Ramsdale and Messersmith 2001). 
The final droplet spectrum is most closely correlated with the behavior of the spray once 
it leaves the nozzle. The spray solution exits the nozzle as a thin liquid sheet that is quickly acted 
upon by both intrinsic and extrinsic forces. The final size of the droplet is correlated with the 
thickness of the sheet at ligament formation (Dombrowski et al. 1960; Dombrowski and Johns 
1963; Squire 1953).  The factors that affect the sheet thickness at disintegration, such as the 
physiochemical properties of the solution and orifice size, are important for determining spray 
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droplet spectra. The physiochemical properties (e.g. surface tension) of the solution are affected 
by what and how much of a product or chemical is in that solution will influence how the spray 
sheet forms and disintegrates. In the case of altering the spray volume while maintaining the 
same rate of herbicide applied per area, the concentration of the herbicide in the solution will 
affect surface tension of the solution, ultimately affecting the droplet spectra. Increasing the size 
of the nozzle orifice for a given nozzle type will produce thicker sheets and larger droplets 
(Nuyttens et al. 2007). Therefore, the same nozzle type will have larger droplets at larger orifice 
sizes.  
Beyond simply the herbicides and concentrations that make up a solution, the solution 
properties are also greatly affected by the specific herbicides that are used. Two products 
containing the same form of the active ingredient will not always produce similar droplet sizes 
when applied under the same conditions. Three glyphosate formulations, two containing the 
same isopropylamine salt, all produced different volume median diameter (Dv50) values (Mueller 
and Womac 1997). Thus, identifying the specific herbicide product, as opposed to the herbicide 
common name, is critical for proper interpretation of results from droplet spectra analyses. 
Ultimately, the effect of sprayer applicator-controlled variables such as nozzle selection and 
spray volume appear to depend upon the specifics of the comparison, specific herbicides in 
question, and the species being evaluated. The objective of this research was to evaluate various 
aspects of application technology including nozzle selection and spray volume, on the efficacy of 
potential herbicide applications that could be made in dicamba-resistant crops. The hypotheses 
were: increasing droplet size decreases efficacy of the herbicides on the target weeds, increasing 
spray volume increases eifficacy of the herbicides when the same nozzle type is used, and 
increasing droplet size decreases coverage spray on the target surface. 
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Materials and Methods 
A field and a laboratory experiment were conducted to evaluate the effects of nozzle 
selection and spray volume on efficacy of various herbicides. The field experiment was 
established in 2013 and 2014 at the Northeast Research and Extension Center in Keiser, 
Arkansas. Plots 3.9 m wide by 15.2 m long were established on a Sharkey clay soil (very fine, 
montmorillonitic, nonacid, thermic, Vertic Haplaquept) with 22% sand, 25% silt, and 53% clay 
(pH=6.7, 1.7% organic matter). Soil texture, pH, and organic matter information were obtained 
by analyzing soil samples collected from the experimental area to a depth of 10 cm. Soil analysis 
was conducted at the University of Arkansas Agricultrual Diagnositc Laboratory in Fayetteville, 
AR. Soil texture, pH, and organic matter information were obtained by analyzing soil samples 
collected from the experimental area to a depth of 10 cm. Soil analysis was conducted at the 
University of Arkansas Agricultrual Diagnositc Laboratory in Fayetteville, AR. The purpose of 
the laboratory experiment was to measure the droplet spectra of the nozzle and herbicide 
combinations used in the field. 
The experimental design of the field experiment was a randomized complete block 
factorial with four replications and three factors: herbicide solution, nozzle type, and spray 
volume. The herbicide treatments were glufosinate at 594 g ai ha-1 + dicamba at 560 g ae ha-1, 
glyphosate at 867 g ae ha-1 + dicamba, glufosinate + dicamba + glyphosate, and glufosinate + 
dicamba + glyphosate + S-metolachlor at 1068 g ai ha-1. The specific products used were Liberty 
(glufosinate, Bayer CropScience LP, Research Triangle Park, NC), Roundup PowerMax 
(glyphosate, Monsanto Company, St. Louis, MO), Dual Magnum (S-metolachlor, Syngenta Crop 
Protection, LLC, Greensboro, NC), and Engenia, a new formulation of dicamba (N, N-Bis-
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(aminopropyl) methylamine form) marketed by BASF Corporation (Research Triangle Park, 
NC) for use in dicamba-resistant crops. Additionally, 0.25% (v/v) of Induce (Helena Chemical 
Company, Collierville, TN), a nonionic surfactant (NIS), was added to all treatments containing 
Engenia unless Roundup PowerMax was included as a tank-mix partner.  
TeeJet (TeeJet Technologies, Springfield, Illinois) Air Induction Extended Range (AIXR), 
Air Induction Turbo Twinjet (AITTJ60), and Turbo TeeJet Induction (TTI) nozzles were used to 
apply each herbicide combination. Applications were made with a MudMaster multiboom 
sprayer (Bowman Manufacturing Co., Inc. Newport, Arkansas) at 14.5 km h-1 calibrated to 
deliver 141 L ha-1 spray volume at 276 kPa with 48 cm nozzle spacing, and two nozzle sizes 
(11003 and 11005 rated at 1.14 L min-1 and 1.89 L min-1, respectively) were used to vary spray 
volume from 93.5 L ha-1 to 187 L ha-1 for the three nozzle types. Treatments were applied at 4:00 
PM on July 17, 2013 and 9:00 AM on August 13, 2014. Air temperatures were 32 C and 24 C 
and relative humidities were 56% and 78% in 2013 and 2014, respectively based on in-field 
observations. 
The experimental area was overseeded with Palmer amaranth, velvetleaf (Abutilon 
theophrasti Medik.), hemp sesbania [Sesbania herbacea (P. Mill.) McVaugh], and prickly sida 
(Sida spinosa L.) immediately prior to planting in both years. Two other species, barnyardgrass 
and pitted morningglory (Ipomoea lacunosa L.), were indigenous to the field and present in 
sufficient quantity to collect data upon. Glyphosate-resistant corn (Zea mays L.) was planted in 
97-cm rows  at 9 seeds m-row-1 to simulate the effect of a typical crop canopy on herbicide 
application. A SmartStax variety was selected because SmartStax varieties are available on the 
market that can tolerate POST applications of glufosinate, glyphosate, and dicamba. Planting 
dates and trial establishment occurred on June 26, 2013 and July 8, 2014 for both experiments.  
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Treatments were applied to large, actively growing weeds. Average weed densities and 
heights at the time of application are summarized in Table 1. Weed densities in 2014 were 
comparable to 2013 except Palmer amaranth had fewer plants m-2 and barnyardgrass and had 
almost three times as many plants m-2 (15 plants m-2). In 2014, weeds were, on average, 10 to 15 
cm taller. Prickly sida was present in 2014 only, with an average density of 7 plants m-2 and 8 to 
12 cm in height. 
Percent control of Palmer amaranth, hemp sesbania, velvetleaf, pitted morningglory, 
barnyardgrass, and in 2014, prickly sida, was assessed 2 and 4 weeks after treatment (WAT). 
Weed control ratings were based on a scale of 0 to 100% control, with 0% being no control and 
100% being complete death of the respective species relative to that in the nontreated plots. The 
aboveground biomass of three barnyardgrass individuals that survived the herbicide application 
were collected per plot 4 WAT. Three prickly sida plants were also collected per plot in 2014 
only. The weights of the three plants for each respective species were averaged to give an 
average biomass in g plant-1. For most treatments, control was >90% for all species; hence, 
individual plants that escaped control were chosen rather than collecting biomass per m2 as most 
plots had relatively few surviving weeds. Barnyardgrass and prickly sida were selected for 
biomass measurements because more plants survived the applications, more variability between 
plant sizes existed between treatments, and plants that survived the application had a larger range 
in sizes. 
Water-sensitive papers, or droplet cards, can be a useful tool for assessing various aspects 
of herbicide applications (Hoffmann and Hewitt 2005). Prior to the field applications, water-
sensitive droplet cards were placed in the field to determine the percent coverage obtained by 
each treatment. Two cards were placed in the field at the height of the crop canopy by clipping 
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them to the newest fully-collared corn leaf. Once all treatments were applied, the cards were left 
to dry and collected to be analyzed in the lab. DropletScan 2.5 software (WRK of Oklahoma, 
Stillwater, Oklahoma) was used to determine the percent coverage of the cards. When measuring 
percent coverage using droplet cards, the ability of droplets to spread is dependent upon the 
properties of the solution. Therefore, spread factors for each herbicide solution were calculated 
and used to adjust the coverage measurements (Hoffmann and Hewitt 2005). Spread factors were 
determined by measuring the diameter of droplets produced from a set volume (30 µL from a 
micropipette) in the laboratory. 
Droplet size spectra for each nozzle and herbicide combination were analyzed in a low-
speed wind tunnel at the University of Nebraska-Lincoln West Central Research and Extension 
Center in North Platte, NE. Droplet spectra were determined using a Sympatec Helos Vario KR 
particle size analyzer (Sympatec GmbH, Clausthal-Zellerfeld, Germany) equipped with a R7 lens 
capable of detecting particle sizes in a range from 18 to 3500 µm. The laser was positioned 30 
cm from the tip of the nozzle and a linear actuator was utilized to move the entire width of the 
nozzle plume across the laser. Testing was performed in a low speed wind tunnel at 24 km h-1.  
All nozzle and spray solution combinations respective to each experiment were analyzed, each 
treatment was replicated three times, and the same products used in the field experiment were 
used for particle size analysis. Spray parameters that were of interest were the Dv10, Dv50 Dv90, 
relative span, and the percent fines. Dv10 is the diameter below which 10% of the liquid volume 
is atomized into smaller droplets. Dv50 and Dv90 are similar values for 50% and 90% of the 
volume, respectively. Dv50 is also commonly referred to as the volume median diameter. The 
percent driftable fines were classified as the percentage of the volume containing droplets with a 
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diameter less than 141 µm (%vol fines). The relative span (RS) is a parameter of the spray plume 
that has no units and describes the range of droplet sizes of the plume using Equation 1. 𝑅𝑆 = (𝐷!!" −   𝐷!!")    𝐷!!"!!               (Equation 1) 
All field data were analyzed in JMP Pro 11 using the MIXED procedure with years analyzed 
separately and replication included as a random effect. However, statistical analysis of the 
percent coverage obtained via the water-sensitive droplet cards was not significantly different 
across years so data were pooled. Data that did not meet the equal variance and normality 
assumptions of ANOVA were not analyzed and individual treatment means and standard errors 
(SE) of the means were reported where appropriate. Field data that met the assumptions for 
ANOVA were analyzed and means were separated using Fisher’s protected LSD (α = 0.05). For 
the particle-size analysis, a completely randomized design was used and a more conservative 
Tukey adjustment (α = 0.05) was used to identify differences between means. 
The biomass data were subject to a natural log transformation to better meet the 
assumptions for ANOVA, as is common with continuous variables such as biomass weight. Log 
transformation improved the model for barnyardgrass, but not for prickly sida. Therefore, 
analysis was conducted on the transformed values for barnyardgrass, and values were back-
transformed for discussion and reporting.  
Of the broadleaf weeds on which data were collected including Palmer amaranth, hemp 
sesbania, velvetleaf, pitted morningglory, and prickly sida, only weed control data for velvetleaf 
in 2014 and prickly sida in 2014 were analyzed with ANOVA. Barnyardgrass data from both 
years and from both experiments also met the assumptions for ANOVA. Full factorial models 
with the factors according to their respective experiments were used to fit the data, and only 
significant factors (α = 0.05) are discussed where appropriate. Biomass measurements were 
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considered separate response variables from weed control ratings for the same species and were 
analyzed separately. 
Results and Discussion 
 Palmer amaranth, hemp sesbania, velvetleaf, and pitted morningglory are particularly 
sensitive to dicamba, especially when applied at recommended weed sizes. Most treatment 
combinations had >90% of control for all weeds and timings. The effects of nozzle selection and 
spray volume depended upon both the herbicide treatment and individual species. The results 
from the particle size analysis from the low-speed wind tunnel for nozzle and herbicide 
combinations are presented after the results from the field experiment. 
Palmer Amaranth. Palmer amaranth control was ≥90% for most treatemnts in both years and 
few large differences in control between nozzles or spray volumes were observed (Table 2). For 
glyphosate + dicamba applied using the TTI nozzle, Palmer amaranth control at 94 L ha-1 was 
5% lower than 187 L ha-1 in 2013 (94% compared to 99%) and 7% lower in 2014 (87% 
compared to 94%). This suggests that with ultra coarse droplets, decreasing spray volume from 
187 L ha-1 to 94 L ha-1 can reduce the efficacy of dicamba + glyphosate. It should also be noted 
that for glyphosate + dicamba, only one effective SOA was acting upon Palmer amaranth as most 
of the plants in this field are glyphosate-resistant (personal observation). All other treatments 
provided ≥96% Palmer amaranth control at both timings in both years, showing the benefit of 
applying multiple effective SOAs. 
Hemp Sesbania. Hemp sesbania control was ≥ 95% for all treatments, with most treatments 
exhibiting 100% control 2 and 4 WAT in both years (Table 3). Control with glyphosate + 
dicamba applied with the TTI nozzle was slightly lower in 2013 (95 to 98%) for both spray 
volumes compared to the rest of the treatments. Although 95 to 98% would be considered an 
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effective application, many other treatments provided 100% control and were more stable across 
timings and years.  
Velvetleaf. For some nozzles and herbicide combinations, the effect of spray volume on 
velvetleaf efficacy did not perform as expected. In 2013, dicamba + glyphosate with the 
AITTJ60 provided 98% control at 94 L ha-1 and only 93% at 187 L ha-1 4 WAT (Table 4). A 
significant difference between spray volumes was observed 4 WAT in 2014 for the same 
herbicide and nozzle combination, with the larger spray volume having lower efficacy. However, 
control with dicamba + glyphosate and the AITTJ60 nozzle did not exceed that achieved with the 
AIXR nozzle at either spray volume. Control was also significantly different between spray 
volumes with dicamba + glyphosate + glufosinate + S-metolachlor for the TTI nozzle. 
Identifying the specific causes of these results is difficult, as differences in efficacy could be 
attributed to one of many factors (particle size, distribution of particle size, herbicide interactions 
at different concentrations, differences in uptake, etc.). Based upon the data collected on other 
species, altering one variable, such as spray volume, to maximize efficacy on one weed may not 
necessarily optimize it for all the other weeds in the field. 
Pitted Morningglory. Although pitted morningglory was present at the time of application in 
2013, many treatments provided complete control 2 WAT, but by 4 WAT additional emergence 
occurred. By 4 WAT, it was not possible to differentiate survivors from later emergence, so the 
subsequent emergence is included in the data resulting in a decrease in control from 2 WAT to 4 
WAT even when control was often 100% at the first rating. For many nozzle, spray volume, and 
herbicide combinations, pitted morningglory control was ≥97% in both years (Table 5). For 
certain treatments and timings, control decreased as spray volume decreased. For example, pitted 
morningglory control with dicamba + glyphosate and the TTI nozzle was lower at 94 L ha-1 than 
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at 187 L ha-1 both at 2 and 4 WAT in both years. Control was also lower at 94 L ha-1 with 
dicamba + glufosinate applied with the TTI nozzle 4 WAT (88%) than at 187 L ha-1 (95%). No 
treatment provided <85% control in either year; however, some treatments provided improved 
control at a greater spray volume. 
Barnyardgrass. Analysis of barnyardgrass control and biomass in 2013 resulted in a three-way 
interaction between herbicide, nozzle type, and spray volume.  In 2014, the main effect of 
herbicide and the interaction between nozzle type and spray volume were the significant factors 
in the model for barnyardgrass control and biomass; therefore the appropriate means are 
presented in Table 6. Control 4 WAT in 2014 with the TTI nozzle at 94 L ha-1 was significantly 
less than at 187 L ha- 1 (91% compared to 94%, respectively, Table 6). For the main effect of 
herbicide in 2014, control with dicamba + glyphosate + glufosinate + S-metolachlor was 
significantly greater than all other treatments 4 WAT showing the benefit of including a strong 
residual product with a POST application. A reduction in control and biomass as spray volume 
was reduced was also observed with dicamba + glyphosate with the TTI nozzle in 2013.  
In general, differences in biomass measurements between treatments correlated well with 
differences observed in the weed control ratings. However, the biomass measurements did not 
always correlate with the weed control ratings. For example, control with dicamba + glyphosate 
and the AITTJ60 nozzle did not differ among the two spray volumes. However, a significant 
difference was observed for the biomass measurements between spray volumes with 94 L ha-1 
having less biomass than 187 L ha-1. This inconsistency may be explained by potential bias that 
could be present in the measurement because sampled plants were only those that survived the 
herbicide application were sampled. However, due to the most treatments exhibiting ≥90% 
control with tank mixtures, biomass measurements collected on a per plant basis were believed 
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to be the best way to represent what occurred in the field despite the possibility of bias. Even 
though biomass is a useful measurement for evaluating efficacy of herbicides, in field situations 
biomass is only one component of a weed control rating. 
Prickly Sida. There was only sufficient density of prickly sida to collect meaningful data in 
2014.  For percent prickly sida control, only the main effects of all three factors (herbicide, 
nozzle, and spray volume) were significant factors in the model and means for their respective 
main effects are presented in Table 7, averaged across the other two factors. Only the main effect 
of herbicide was significant for biomass. For the main effect of herbicide, control was 
significantly lower than all the other herbicide treatments and biomass was significantly greater 
than all other treatments (Table 7). For the nozzle type main effect, control with the TTI nozzle 
(93%, 91%) was significantly less than the AIXR nozzle (95%, 93%) both 2 and 4 WAT, 
respectively, averaged across the other two factors. Weed control using a 94 L ha-1 spray volume 
was 90% and was significantly less than control using 187 L ha-1 (93%). 
Droplet Spectra Analysis. As previously described by Mueller and Womac (1997), different 
formulations of the same active ingredient will not affect the droplet size equally. Therefore, in 
this section concerning the droplet spectra analysis, the herbicides will be referred to as their 
product names (for example, dicamba will be referred to as the product Engenia).  
The weed control data correlated with the droplet spectra analysis in that as volume 
median diameter (Dv50) increased from AIXR nozzles to the TTI nozzles, efficacy tended to 
decrease. Changing nozzle size, nozzle type, or addition of another herbicide into the tank-mix 
can have a dramatic effect on the droplet spectrum and Dv50. The addition of Dual Magnum to 
Engenia + Liberty + Roundup PowerMax decreased the Dv50 for the TTI 11006 nozzle from 789 
µm to 570 µm and increased the percentage of the volume with droplets < 141 µm (%vol fines) 
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from 0.51% to 1.60% (Table 8). Dual Magnum had a similar effect on the other nozzles and 
spray volumes when compared to those same treatments without Dual Magnum. 
For most nozzles, increasing the orifice size from 1.14 L min-1 and 1.89 L min-1 (in the 
case of this experiment, increasing spray volume) either significantly increased Dv50 (and 
decreased %vol fines) or had no effect when comparing within the same herbicide (Nuyttens et al. 
2007). However, for certain nozzle and herbicide combinations, the opposite effect was observed. 
For Engenia + Liberty + Roundup PowerMax, increasing the orifice size of the AIXR decreased 
the Dv50 from 560 µm to 501 µm. This result could be attributed to how the solution at this 
specific herbicide concentration is interacting with this specific nozzle type. As previously 
described, droplet formation is a highly intricate process that quickly becomes convoluted with 
additions of more variables such as tank-mixtures of many herbicide products. 
One interesting effect of manipulating spray volume is the magnitude of the effect the 
herbicides have on droplet size. The statistical range Dv50 for the AIXR nozzle across all four 
herbicides was 28 µm for 187 L ha-1 and 175 µm for 94 L ha-1 (ranges not shown in Table 8).  
Thus, as the concentration of herbicide in solution increases the greater the effect will be on the 
droplet size. This effect is important to consider as commercial applicators prefer to use lower 
spray volumes to cover more field area per load. If a product has a dramatic effect on droplet 
spectra, that effect could be magnified at lower spray volumes and increase the likelihood for 
off-target movement. Therefore, droplet spectra analysis for as many potential product mixtures 
as possible will be critical for proper management of off-target movement. 
The relative span (RS), indicating the range in droplet sizes for a given spectra, neither 
followed a set pattern nor provided much useful information about differences between 
treatments. For certain treatment combinations (e.g. Engenia + Liberty with the AIXR) 
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increasing orifice size decreased RS, meaning there was a narrower range in droplet sizes. For 
other combinations, such as Engenia + Roundup PowerMax with the TTI nozzle, increasing 
orifice size increased RS. In the latter case, the increasing RS is likely attributed to formation of 
much larger droplets, as shown by the Dv10 values did not differ (321 µm and 339 µm), but the 
Dv90 for the 1.89 L min-1 was greater (1255 µm) than that for 1.14 L min-1 (1046 µm).  
Percent Coverage. Data obtained from the water-sensitive droplet cards that were in the field at 
application may help explain some of the differences in efficacy due to nozzle selection and 
spray volume. Significant factors in the model produced from ANOVA included the interaction 
between herbicide and spray volume, and the main effect of nozzle type. As would be expected 
when comparing the three nozzle types, as Dv50 decreased percent coverage increased (ranging 
from 54% with the AIXR nozzle to 43% with the TTI nozzle, Table 9). For the interaction 
between nozzle type and spray volume, percent coverage was significantly greater at 187 L ha-1 
than at 94 L ha-1 for all herbicides, except for Engenia + Liberty. Coverage with Engenia + 
Liberty was 49% at 187 L ha-1 and 49% at 94 L ha-1. Overall, one of the reasons why efficacy 
tended to be greater at the higher spray volume could be that percent coverage was also greater. 
Droplet cards are not a perfect method for determining spray volume and innately have a number 
of weaknesses. Droplets smaller than 80 µm are not readable by the software, meaning the 
treatment combinations with a larger percentage of percent fines may have underestimated 
coverage estimates. Droplet cards can only measure the area that is stained by the droplets, 
meaning droplets can overlap, smaller droplets can be covered by larger ones, droplets can 
smear, and high humidity can stain the card as well. Ultimately, droplet cards are an imperfect 
means to measure percent coverage, but is a useful tool for measuring coverage in the field at the 
time of application. 
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In summary, results from this research demonstrate that applicator-controlled variables 
including nozzle selection and spray volume can have an effect on efficacy of applications made 
in dicamba-resistant cropping systems. From research scientists to sprayer applicators, anyone 
involved in making spray recommendations and applications needs to at least be aware of how 
applicator variables can influence herbicide efficacy. In regards to management of off-target 
movement, coarser nozzles producing high Dv50 values, such as the TTI nozzle, will be 
recommended to minimize spray drift. Even though using ultra-coarse nozzles may negatively 
impact efficacy, preventing spray drift may be of greater importance than efficacy maximization. 
Especially in these situations, an integrated weed management strategy is paramount for 
preventing and managing herbicide resistance. Even in a system where the likelihood for 
evolving resistance is low, a program approach to weed management including PRE and POST 
applications with multiple effective SOAs and overlapping residual herbicides is still important 
for long-term successful weed management (Norsworthy et al. 2012) 
The results from the weed control data indicate that at large droplet sizes (using the TTI 
nozzle) reducing spray volume from 187 L ha-1 to 94 L ha-1 can result in a reduction in weed 
control. As sprayer applicators begin to use larger droplets to reduce drift of auxinic herbicides 
combined with lower spray volumes to cover more hectares per sprayer load, a reduction in weed 
control could negatively affect herbicide-resistance management. An overarching conclusion 
from these experiments is that the effect applicator variables can have on efficacy will differ 
across species. Based on these results, spray volume appears to play a larger role in regards to 
efficacy when herbicides are applied with coarser nozzles such as the TeeJet TTI.  For certain, 
nozzle selection will play a key role in maximizing efficacy of POST applications in dicamba-
resistant crops and there appears to be better nozzles for ensuring adequate weed control than the 
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TeeJet TTI nozzle. Additionally, evaluating droplet spectra of additional dicamba-containing 
tank-mixtures is critical for producing the desired efficacy with a droplet size that will minimize 
off-target movement. 
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Table 1. Height and density of weed species present in the field experiment in 2013 and 2014. 
 
2013  2014 
Weed species Density Height  Density Height 
 plants m
-2 ---cm---  plants m-2 ---cm--- 
Palmer amaranth 6 6-10  1 12-22 
Hemp sesbania 9 5-9  10 20-24 
Velvetleaf 7 4-7  7 15-20 
Pitted Morningglory 8 2-6  3 3-10 
Barnyardgrass 4 8  15 14-20 
Prickly sida - -  7 8-12 	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Table 2. Postemergence Palmer amaranth control 2 and 4 WAT as influenced by the interaction between herbicide treatment nozzle 
type and spray volume in 2013 and 2014.  
        Control a   
        2013    2014   
Treatments Rate Nozzle Spray volume 2 WAT 4 WAT   2 WAT 4 WAT   
  g ai ha-1   L ha-1  -%- SE -%- SE   -%- SE -%- SE   
Dicambab + 
Glufosinatec 
560f + 
594 
AIXRg 94 100 0 100 0   98 1 100 0   
187 100 0 99 1   99 1 100 0   
AITTJ60h 94 100 0 100 0   99 1 100 0   
187 100 0 96 1   100 1 100 0   
TTIi 94 98 2 97 1   100 0 98 3   
187 100 0 98 2   100 0 100 0   
Dicamba + 
Glyphosated 
560f + 
867f 
AIXR 94 98 1 99 1   93 2 92 2   
187 97 1 97 1   94 1 94 2   
AITTJ60 94 97 1 98 1   93 1 91 1   
187 96 1 95 2   95 1 91 2   
TTI 94 91 1 94 1   86 2 87 2   
187 93 2 99 1   90 2 94 2   
Dicamba + 
Glufosinate + 
Glyphosate 
560f + 
594 + 
867f 
AIXR 94 100 0 100 0   98 1 98 1   
187 100 0 100 1   100 0 100 0   
AITTJ60 94 100 0 98 1   99 1 100 1   
187 100 0 99 1   99 1 100 0   
TTI 94 98 1 97 1   100 0 100 0   
187 97 1 97 1   100 1 100 0   
Dicamba + 
Glufosinate + 
Glyphosate + S-
metolachlore 
560f + 
594 + 
867f + 
1068 
AIXR 94 100 0 100 0   99 0 100 0   
187 100 0 100 0   99 1 98 2   
AITTJ60 94 100 0 98 1   98 1 98 1   
187 100 0 100 1   100 1 100 0   
TTI 94 100 0 99 1   99 1 100 1   
187 99 1 96 2   100 0 100 0   
a Data did not meet the assumptions of ANOVA and are reported as means followed by the standard error (SE) of the mean 
b All treatments containing dicamba utilized the product Engenia  
	  c All treatments containing glufosinate utilized the product Liberty  
d All treatments containing glyphosate utilized the product Roundup PowerMax 
e All treatments containing S-metolachlor utilized the product Dual Magnum 
f Rate is in g ae ha-1 
g Refers to the TeeJet Air Induction Extended Range (AIXR) nozzle 
h Refers to the TeeJet Air Induction Turbo TwinJet (AITTJ60) nozzle 
i Refers to the TeeJet Turbo TeeJet Induction (TTI) nozzle 
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  Table 3. Postemergence hemp sesbania control 2 and 4 WAT as influenced by the interaction between herbicide treatment nozzle type 
and spray volume in 2013 and 2014.  
        Control a 
        2013     2014 
Treatments Rate Nozzle Spray Volume 2 WAT 4 WAT   2 WAT 4 WAT 
  g ai ha-1   L ha-1  -%- SEc -%- SEc   -%- SEc -%- SEc 
Dicambab + 
Glufosinatec 
560f + 594 AIXRg 94 100 0 100 0   100 0 100 0 
187 100 0 99 1   100 0 100 0 
AITTJ60h 94 100 0 100 0   100 0 100 0 
187 100 0 100 0   100 0 100 0 
TTIi 94 100 0 100 0   100 0 100 0 
187 100 0 100 1   100 0 100 0 
Dicamba + 
Glyphosated 
560f + 867f AIXR 94 100 0 100 0   100 0 100 0 
187 100 0 99 1   100 0 100 0 
AITTJ60 94 100 0 100 0   99 1 100 0 
187 97 1 96 1   100 0 100 0 
TTI 94 97 1 95 2   98 2 100 0 
187 96 1 98 1   99 1 100 0 
Dicamba + 
Glufosinate + 
Glyphosate 
560f + 594 
+ 867f 
AIXR 94 100 0 99 1   100 0 100 0 
187 100 0 100 0   100 0 100 0 
AITTJ60 94 100 0 100 0   100 0 100 0 
187 99 1 98 1   98 1 100 0 
TTI 94 100 0 99 1   100 0 100 0 
187 100 0 97 1   100 0 100 0 
Dicamba + 
Glufosinate + 
Glyphosate + 
S-metolachlore 
560f + 594 
+ 867f + 
1068 
AIXR 94 100 0 100 0   100 1 100 0 
187 100 0 100 0   100 0 100 0 
AITTJ60 94 100 0 99 1   100 0 100 0 
187 100 0 100 1   100 0 100 0 
TTI 94 100 0 99 1   100 0 100 0 
187 100 0 100 0   100 0 100 0 
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  a Data did not meet the assumptions of ANOVA and are reported as means followed by the standard error (SE) of the mean 
b All treatments containing dicamba utilized the product Engenia  
c All treatments containing glufosinate utilized the product Liberty  
d All treatments containing glyphosate utilized the product Roundup PowerMax 
e All treatments containing S-metolachlor utilized the product Dual Magnum 
f Rate is in g ae ha-1 
g Refers to the TeeJet Air Induction Extended Range (AIXR) nozzle 
h Refers to the TeeJet Air Induction Turbo TwinJet (AITTJ60) nozzle 
i Refers to the TeeJet Turbo TeeJet Induction (TTI) nozzle 
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  Table 4. Postemergence velvetleaf control 2 and 4 WAT as influenced by the interaction between herbicide treatment and nozzle type 
and spray volume in 2013 and 2014.  
        Control a,b   
        2013   2014   
Treatments Rate Nozzle Spray volume 2 WAT 4 WAT   2 WAT 4 WAT   
  g ai ha-1   L ha-1  -%- SE -%- SE   -----------%----------   
Dicambac + 
Glufosinated 
560g + 594 AIXRh 94 100 0 100 0   96 a-f 100 ab   
187 100 0 100 0   96 a-f 97 a-e   
AITTJ60i 94 100 0 100 0   97 a-e 93 d-h   
187 99 1 98 1   95 c-g 98 a-c   
TTIj 94 99 1 97 2   93 f-h 91 gh   
187 100 1 99 1   94 d-h 93 e-h   
Dicamba + 
Glyphosatee 
560g + 
867g 
AIXR 94 100 0 100 0   97 a-e 96 a-f   
187 100 1 100 0   92 g-i 95 b-g   
AITTJ60 94 92 1 98 1   93 e-h 96 a-f   
187 91 1 93 1   91 hi 90 h   
TTI 94 84 2 91 1   89 i 95 c-g   
187 96 1 98 1   90 hi 90 h   
Dicamba + 
Glufosinate + 
Glyphosate 
560g + 594 
+ 867g 
AIXR 94 100 0 100 0   96 b-g 97 a-d   
187 100 0 100 0   99 ab 99 ab   
AITTJ60 94 100 0 99 1   98 a-c 98 a-c   
187 100 0 99 1   92 g-i 95 b-g   
TTI 94 99 1 99 1   97 a-d 100 a   
187 100 0 100 0   98 a-d 99 a-c   
Dicamba + 
Glufosinate + 
Glyphosate + S-
metolachlorf 
560a + 594 
+ 867g + 
1068 
AIXR 94 100 0 100 0   100 a 100 a   
187 99 1 100 0   97 a-e 98 a-c   
AITTJ60 94 100 0 100 0   97 a-e 99 ab   
187 100 0 100 1   98 a-d 98 a-c   
TTI 94 100 0 98 1   98 a-d 99 a-c   
187 100 0 99 1   96 b-g 92 f-h   
a Means followed by the same letter within a column are not statistically different according to Fisher’s protected LSD (α = 0.05) 
b Data that did not meet the assumptions of ANOVA are reported as means followed by the standard error (SE) of the mean 
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  c All treatments containing dicamba utilized the product Engenia  
d All treatments containing glufosinate utilized the product Liberty  
e All treatments containing glyphosate utilized the product Roundup PowerMax 
f All treatments containing S-metolachlor utilized the product Dual Magnum 
g Rate is in g ae ha-1 
h Refers to the TeeJet Air Induction Extended Range (AIXR) nozzle 
i Refers to the TeeJet Air Induction Turbo TwinJet (AITTJ60) nozzle 
j Refers to the TeeJet Turbo TeeJet Induction (TTI) nozzle 
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  Table 5. Postemergence pitted morningglory control 2 and 4 WAT as influenced by the interaction between herbicide treatment and 
nozzle type and spray volume in 2013 and 2014.  
        Control 
        2013   2014 
Treatments Rate Nozzle Spray Volume 2 WAT 4 WAT   2 WAT 4 WAT 
  g ai ha-1   L ha-1  -%- SEc -%- SEc   -%- SEc -%- SEc 
Dicambab + 
Glufosinatec 
560f + 594 AIXRg 94 100 0 96 2   99 1 99 1 
187 100 0 99 1   100 0 99 1 
AITTJ60h 94 100 0 98 1   100 0 100 0 
187 100 0 91 2   100 0 100 0 
TTIi 94 96 2 88 2   100 0 98 2 
187 100 0 95 2   100 0 99 1 
Dicamba + 
Glyphosated 
560f + 867f AIXR 94 100 0 95 2   95 2 97 2 
187 100 0 96 2   99 1 100 0 
AITTJ60 94 91 2 87 1   99 1 99 1 
187 97 2 95 2   100 0 99 1 
TTI 94 97 2 86 1   99 1 100 0 
187 100 0 91 1   93 1 93 1 
Dicamba + 
Glufosinate + 
Glyphosate 
560f + 594 
+ 867f 
AIXR 94 100 0 96 2   100 0 99 1 
187 100 0 93 5   100 0 99 1 
AITTJ60 94 100 0 90 3   99 1 99 1 
187 99 1 95 2   100 0 97 1 
TTI 94 100 0 91 5   100 0 100 0 
187 100 0 91 4   100 0 98 1 
Dicamba + 
Glufosinate + 
Glyphosate + S-
metolachlore 
560f + 594 
+ 867f + 
1068 
AIXR 94 100 0 92 2   99 0 99 1 
187 100 0 98 1   99 0 99 1 
AITTJ60 94 100 0 95 2   100 0 100 0 
187 100 0 93 3   100 0 100 0 
TTI 94 100 0 95 2   100 0 100 0 
187 100 0 94 2   99 1 100 0 
a Data did not meet the assumptions of ANOVA and are reported as means followed by the standard error (SE) of the mean 
b All treatments containing dicamba utilized the product Engenia  
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  c All treatments containing glufosinate utilized the product Liberty  
d All treatments containing glyphosate utilized the product Roundup PowerMax 
e All treatments containing S-metolachlor utilized the product Dual Magnum 
f Rate is in g ae ha-1 
g Refers to the TeeJet Air Induction Extended Range (AIXR) nozzle 
h Refers to the TeeJet Air Induction Turbo TwinJet (AITTJ60) nozzle 
i Refers to the TeeJet Turbo TeeJet Induction (TTI) nozzle 
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  Table 6. Postemergence barnyardgrass control 2 and 4 WAT and aboveground biomass as influenced by the interaction between 
herbicide, nozzle type, and spray volume in 2013 and 2014.  
    Controla 
        2013    2014j 
Treatments Rate Nozzle Spray volume 2 WAT 4 WAT Biomass   2 WAT 4 WAT Biomass
d 
  g ai ha-1   L ha-1  -----------%------------ g plant-1   -------%------- g plant-1 
Dicambab + 
Glufosinatec 
560f + 
594 
AIXRg 94 98 a-d 97 ab 0.05 n 
 
97 b 94 b 0.75 b 
187 99 a-c 97 abc 0.21 j-m 
 AITTJ60h 94 97 a-e 97 abc 0.22 j-m 
 187 97 cde 95 bcd 0.56 e-j 
 TTIi 94 96 ef 90 fgh 0.82 d-i 
 187 97 b-e 93 def 0.58 e-j 
 Dicamba + 
Glyphosated 
560f + 
867f 
AIXR 94 99 abc 97 abc 0.12 lmn 
 92 c 94 b 1.15 a 187 98 a-e 97 abc 0.52 e-j 
 AITTJ60 94 92 g 88 hij 0.95 e-h 
 187 92 g 90 fgh 2.75 abc 
 TTI 94 81 h 83 k 3.41 ab 
 187 96 def 94 cde 0.33 h-l 
 Dicamba + 
Glufosinate + 
Glyphosate 
560f + 
594 + 
867f 
AIXR 94 100 a 94 cde 0.08 mn 
 
98 a 95 b 0.74 b 
187 99 ab 95 bcd 0.16 klm 
 AITTJ60 94 98 a-e 89 ghi 1.45 a-f 
 187 97 b-e 92 efg 0.72 e-i 
 TTI 94 94 fg 86 ij 2.54 a-d 
 187 93 fg 86 jk 4.14 a 
 Dicamba + 
Glufosinate + 
Glyphosate + S-
metolachlore 
560f + 
594 + 
867f+ 
1068 
AIXR 94 100 a 98 a 0.44 f-k 
 
97 ab 97 a 0.97 ab 
187 99 abc 98 ab 0.42 g-k 
 AITTJ60 94 99 abc 96 abc 0.34 h-l 
 187 99 abc 97 abc 0.29 i-l 
 TTI 94 97 b-e 95 bcd 1.67 a-e 
 187 98 a-e 94 cde 1.19 b-g 
             
 
      
 
            
Type*Size   AIXR 94  -    -    -    97 a 96 a  -   
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Table 6 cont.                 
   187  -    -    -     97 ab 96 a  -   
  AITTJ60 94  -    -    -     96 ab 95 ab  -   
   187  -    -    -     96 ab 96 a  -   
  TTI 94  -    -    -     93 c 91 c  -   
   187  -    -    -     95 b 94 b  -   
a Means followed by the same letter within a column are not statistically different according to Fisher’s protected LSD (α = 0.05) 
b All treatments containing dicamba utilized the product Engenia  
c All treatments containing glufosinate utilized the product Liberty  
d All treatments containing glyphosate utilized the product Roundup PowerMax 
e All treatments containing S-metolachlor utilized the product Dual Magnum 
f Rate is in g ae ha-1 
g Refers to the TeeJet Air Induction Extended Range (AIXR) nozzle 
h Refers to the TeeJet Air Induction Turbo TwinJet (AITTJ60) nozzle 
i Refers to the TeeJet Turbo TeeJet Induction (TTI) nozzle 
j In 2014, the main effect of herbicide and interaction between nozzle type and size were significant in the model 
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Table 7. Postemergence prickly sida control 2 and 4 WAT and aboveground biomass as 
influenced by herbicide treatment, nozzle type, and spray volume in 2014.  
      Controla  
Main effect  Treatments Rate 2 WAT 4 WAT Biomass 
 
  g ai ha-1 ---------------%-------------- g plant-1 
Herbicide Dicambab + glufosinatec 560f+594 97 a 97 a 0.36 a 
         
  Dicamba + glyphosated 560f + 867f 85 b 85 b 0.71 a 
         
  
Dicamba + glufosinate + 
glyphosate 
560f + 594 + 
867f 
97 a 97 a 0.33 b 
         
  
Dicamba + glufosinate + 
glyphosate + S-
metolachlore 
560f + 594 + 
867f+ 1068 
97 a 97 a 0.35 b 
 
                
Nozzle type AIXRg   95 a 93 a -   
  AITTJ60h   94 a 91 b -   
  TTIi   93 b 91 b -   
                 
  
Spray 
volume 
L ha-1              
94   93 b 90 b -   
187   95 a 93 a -   
a Means followed by the same letter within a column are not statistically different according to 
Fisher’s protected LSD (α = 0.05) 
b All treatments containing dicamba utilized the product Engenia  
c All treatments containing glufosinate utilized the product Liberty  
d All treatments containing glyphosate utilized the product Roundup PowerMax 
e All treatments containing S-metolachlor utilized the product Dual Magnum 
f Rate is in g ae ha-1 
g Refers to the TeeJet Air Induction Extended Range (AIXR) nozzle 
h Refers to the TeeJet Air Induction Turbo TwinJet (AITTJ60) nozzle 
i Refers to the TeeJet Turbo TeeJet Induction (TTI) nozzle 
 
 	  
	  Table 8. Spray characteristics of nozzle type, spray volume, and herbicide combinations including Dv10, Dv50, Dv90, Relative Span, % 
of the volume (%vol) containing droplets with diameters less than 141µm. 
        Droplet spectra parametersa 
Treatments Rate Nozzle Spray volume Dv10 Dv50 Dv90 
Relative 
spanj <141 µm 
  g ai ha-1   L ha-1  ---------------µm---------------  - %vol 
Dicambab + glufosinatec 560f + 
594 
AIXRg 94 208 kl 459 k 778 g 1.24 a-c 3.55 c 
187 236 j 515 i 844 g 1.18 e-h 2.45 e 
AITTJ60h 94 311 ef 629 d-f 978 d-f 1.06 K 0.86 h-j 
187 295 f-h 620 ef 1000 de 1.14 hi 1.02 g-i 
TTIi 94 373 b 743 c 1106 bc 0.99 L 0.33 jk 
187 340 cd 757 bc 1289 a 1.25 ab 0.70 i-k 
Dicamba + glyphosated 560f + 
867f 
AIXR 94 171 m 385 l 663 h 1.28 a 6.24 a 
187 223 jk 487 i-k 797 g 1.18 e-h 3.16 cd 
AITTJ60 94 274 hi 570 gh 929 ef 1.15 g-i 1.30 gh 
187 285 gh 611 fg 1000 de 1.17 e-i 1.24 gh 
TTI 94 321 de 665 d 1046 cd 1.09 jk 0.76 h-k 
187 339 cd 746 c 1255 a 1.23 b-d 0.57 i-k 
Dicamba + glufosinate + 
glyphosate 
560f + 
594 + 
867f 
AIXR 94 264 i 560 h 925 f 1.18 e-h 1.54 fg 
187 226 jk 501 ij 817 g 1.18 e-h 3.01 d 
AITTJ60 94 308 ef 629 d-f 986 d-f 1.08 k 0.98 hi 
187 302 e-g 653 de 1086 bc 1.20 c-f 1.05 g-i 
TTI 94 414 a 800 a 1130 b 0.90 m 0.23 k 
187 359 bc 789 ab 1312 a 1.21 b-e 0.51 i-k 
Dicamba + glufosinate + 
glyphosate + S-
metolachlore 
560f + 
594 + 
867f + 
1068 
AIXR 94 193 l 399 l 658 h 1.17 e-i 4.17 b 
187 240 j 490 i-k 795 g 1.13 ij 1.99 ef 
AITTJ60 94 227 jk 469 jk 782 g 1.19 d-g 2.28 e 
187 242 j 499 ij 821 g 1.16 f-i 1.96 ef 
  TTI 94 292 fgh 589 f-h 933 ef 1.09 jk 0.92 hi 
   187 274 hi 568 gh 940 ef 1.17 e-i 1.60 fg 
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  a Means followed by the same letter within a column are not statistically different according to Fisher’s protected LSD with a Tukey 
adjustment (α = 0.05).  
b All treatments containing dicamba utilized the product Engenia 
c All treatments containing glufosinate utilized the product Liberty  
d All treatments containing glyphosate utilized the product Roundup PowerMax 
e All treatments containing S-metolachlor utilized the product Dual Magnum 
f Rate is in g ae ha-1 
g Refers to the TeeJet Air Induction Extended Range (AIXR) nozzle 
h Refers to the TeeJet Air Induction Turbo TwinJet (AITTJ60) nozzle 
i Refers to the TeeJet Turbo TeeJet Induction (TTI) nozzle 
j Relative span is a unitless index of the range of droplet sizes in the spectrum  
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Table 9. Percent coverage determined by water-sensitive droplet cards placed in the field at the 
time of application as influenced by the interaction between herbicide and spray volume and the 
main effect of nozzle type. 
Effect Herbicide Rate Spray Volume Coverage
a 
   g ai ha-1 L ha-1  ------%------ 
Herbicide* spray 
volume 
  
  
  
  
  
  
  
Dicambab + Glufosinatec 560f + 594 94 45 c 
187 49 bc 
Dicamba + Glyphosated 560f + 867f 94 46 c 
187 53 b 
Dicamba + Glufosinate + 
Glyphosate 
560f + 594 + 
867f 
94 38 d 
187 53 b 
Dicamba + Glufosinate + 
Glyphosate + S-
metolachlore 
560f + 594 + 
867f + 1068 
94 44 c 
187 59 a 
        
Nozzle Type AIXRg    54 a 
  AITTJ60h    48 b 
  TTIi    43 c 
a Means followed by the same letter within a column are not statistically different according to 
Fisher’s protected LSD (α = 0.05) 
b All treatments containing dicamba utilized the product Engenia 
c All treatments containing glufosinate utilized the product Liberty  
d All treatments containing glyphosate utilized the product Roundup PowerMax 
e All treatments containing S-metolachlor utilized the product Dual Magnum 
f Rate is in g ae ha-1 
g Refers to the TeeJet Air Induction Extended Range (AIXR) nozzle 
h Refers to the TeeJet Air Induction Turbo TwinJet (AITTJ60) nozzle 
i Refers to the TeeJet Turbo TeeJet Induction (TTI) nozzle 
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General Conclusions 
 
 Proper utilization of Palmer amaranth emergence patterns, new herbicide-resistant 
soybean technologies, and application technology (e.g. nozzle selection) will lead to effective 
management of Palmer amaranth. As demonstrated, Palmer amaranth emerges throughout the 
growing season, thus making it necessary to implement season-long control measures for 
effective control. New soybean technologies provide new herbicide products and herbicide sites 
of action to be applied both preemergence (PRE) and postemergence (POST). Proper utilization 
of these technologies will result in robust herbicide programs that control many weeds including 
glyphosate-resistant Palmer amaranth, barnyardgrass, prickly sida, and pitted morningglory. 
Although the new soybean technologies were compared to one another in the absence of a crop, 
integration into a diverse weed management program that includes other control strategies will 
improve control of troublesome weeds and should prevent late-season escapes. Furthermore, as 
cultivation stimulates emergence of Palmer amaranth, an early-season interrow cultivation event 
could be used to improve exposure of Palmer amaranth to the early-POST applications 
demonstrated in the bare ground experiments. 
 Management of off-target movement in auxin-resistant crops is a pressing issue as 
commercialization of these new varieties approaches. Nozzle selection will not only play a 
critical role in management of off-target movement but will also influence efficacy of the 
herbicide applications. Furthermore, other sprayer applicator-controlled variables such as spray 
volume and groundspeed can influence efficacy of herbicide treatments on a variety of weeds. 
For species such as barnyardgrass, with an innate tolerance to dicamba (an auxinic herbicide), 
maximizing efficacy of the other effective sites of action that are applied in combination with 
dicamba is necessary for mitigating evolution of herbicide-resistance. In summary, these 
	  214 
experiments show that weed control programs in soybean can be optimized by integrating 
knowledge of weed biology, new soybean herbicides, and application technology. 
